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Editorial 
Thank you to all the authors and all who helped make Issue 2 of
Volume 27 of the Journal of Energy in Southern Africa a success!
Much consideration will preferentially be given to research
designed or set up in the southern African region and to studies
associated with energy-related matters in the southern African
region.



Abstract
The economic situation of mining corporations
operating in South Africa has in recent years creat-
ed considerable challenges in staying globally com-
petitive. One reason for this is the increase in aver-
age electricity costs from 7% to 20% of total opera-
tional expenses since 2007. Forecasts for the next
decade predict that this development will continue
at similar rates. The reliability of Eskom has also
decreased, with self-generation being increasingly
considered. In addition, the South African govern-
ment plans to launch a carbon tax in 2016, which
will further add to the costs of current electricity
sources. This paper investigates the potential of
renewable electricity sources for mining operations
in South Africa. It is based on an extensive literature
analysis, which was conducted in the form of a con-
ceptual review. The investigation of electricity usage
patterns reveals that mining operations commonly
have a relatively constant day and night consump-
tion. One of the prerequisites for a suitable source is
its ability to supply electricity constantly. Most
renewable sources can therefore only be used in
hybrid versions, owing to relatively high intermitten-
cies, especially with electricity supply from solar
photovoltaic and wind generation. Nevertheless, the
levelised costs are substantially lower than diesel
generators and are already similar to Eskom tariffs,
whilst also lowering carbon emissions. The business
case of self-generation is shown to be positive. An
on-site project can be realised through a power pur-
chase agreement or through own investments.

Keywords: mining; South Africa; renewable energy 

1. Introduction
The cost of electricity for mining corporations in
South Africa has substantially increased in recent
years. The average percentage of annual expendi-
ture on electricity costs for members of the Energy
Intensive User Group of Southern Africa, of which
47% are mining companies, has risen from 7% in
2007 to 20% in 2014, (Energy Intensive User
Group of Southern Africa, 2014).1 Power rarely
constitutes less than 10% of mining operating costs
and often exceeds 25% (Banerjee et al., 2015). The
current commonly used electricity sources are on-
site diesel generators and the electrification grid of
the national utility supplier, Eskom (Boyse,
Causevic, Duwe & Orthofer, 2014). Electricity price
escalations, past and future, will damage the global
competitiveness of these companies (Creamer,
2012). Moreover, uncertainty around reliable elec-
tricity supply and carbon emissions management
hinders the possible future development of these
companies (Kohler, 2014). 

The current situation of these companies
demands an investigation of alternative sources of
electricity, in order to lower costs, to create greater
independence and to decrease the carbon footprint
of their operations.2 The enormous technological
and economic development of renewable sources
of electricity in recent years has increased their
attractiveness as a possible option for mining oper-
ations in South Africa to diversify electricity sources
(Mulaudzi, Muchie & Makhado, 2012; Cornish,
2013).

As Figure 1 shows, the investigation, sum-
marised in the paper, looks at how renewable
sources could fit into the electricity usage patterns of
mining operations, the technological attractiveness
of different renewable and current sources, the most
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beneficial business model is investigated, and possi-
ble impacts of the CO2 tax. No previous study com-
bining all the macroeconomic elements that influ-
ence the project realisation of renewable electricity
projects with mining corporations in South Africa
could be found through a literature review. Three
papers – by Boyse et al. (2014), Gets and Mhlanga
(2013), and Brodsky et al. (2013) – do, however,
cover some of the elements.

2. Methodology
Petticrew and Roberts (2006) identify six different
types of literature reviews, namely: systematic
review, narrative review, conceptual review, tradi-
tional review, critical review and state of the art
review. For this paper a conceptual review was con-
ducted. A conceptual review aims to synthesise
areas of conceptual knowledge that can contribute
to a better understanding of these issues. The objec-
tives of these syntheses are to provide an overview
of the literature in a given field, including the main
ideas, models and debates (Petticrew & Roberts,
2006). The literature – conference and journal
papers, theses and dissertations, and industry
reports from 2008 onwards – was researched until
the information was repeated in new texts. This
approach assisted in identifying all key factors and
their potential effect on the realisation of renewable
electricity projects by mining corporations in South
Africa. Based on the fact that the element topics are
broad, and that there is a vast amount of informa-
tion, this approach was deemed most suitable.
Other approaches, such as a systematic review,
would be too detailed and extensive. 

3. Mining operations
3.1 Electricity pattern of mining operations
The current development of lower commodity
prices hinders the widespread adoption of renew-
ables, as falling profits and lower fuel prices main-
tain barriers (Crespo, 2015). In addition, the long-
term investment into renewables is hindered by the
investors’ pressure for short-term capital apprecia-
tions (Elliott, 2014). As a result, one of the main
outcomes of several renewables and mining sum-
mits worldwide is the recognition that mining corpo-

rations have to be better educated about the con-
cept of renewable sources in the context of their
unique operational demands (Judd, 2014b).3

Electricity consumption patterns greatly influ-
ence the selection of electricity sources (Klein and
Whalley, 2015). The majority of mining locations
operate day and night, which often creates a rela-
tively constant baseload demand (Levesque et al.,
2014). The required amount of electricity depends
on the type of mineral and even more on the extent
of processing or beneficiation. (Banerjee et al.,
2015). Every type of mineral mined has its specific
processes, and it is not necessary for all to undergo
all processes to be ready for use in manufacturing.
The main processing stages are as follows (Banerjee
et al., 2015):
• Extracting the resource by digging, sorting and

crushing – generally known as mining.
• Concentration of the mineral using various tech-

niques, the majority either based on gravity, or
using a chemical process to separate elements,
or using magnetism to separate waste from the
mineral.

• Smelting of the concoction at high temperatures
to separate slag from metal.

• Refining, often through electrolysis, to achieve a
higher level of purity. 

Figures 2–4 are based on a database of 168
mining operations in Africa (World Bank Group,
2015a). Figure 2 provides an overview of the
cumulative power requirements for mining opera-
tions at stages of beneficiation. By far the most elec-
tricity-intense ones are the platinum group, gold
and aluminium. Gold and platinum is illustrated in
ounces and it needs 35 273 oz to fill up a tonne
(Metric Conversion, 2015). Nickel, ilmenite, cobalt,
copper and chromium also have a relatively high
electricity demand with a more mixed consumption
profile. 

The overall contribution in the different periods
to the mining electricity demand of the sample can
be seen in Figure 3. The smelting and refining
processes are the most electricity-intensive and were
responsible in all periods for more than three quar-
ters of the demand. Mining in South Africa is the
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Figure 1: Research objectives



most electricity-intense industry in Sub-Saharan
Africa, with 70% of the demand in 2000 and 66%
in 2012. The contribution is, however, forecast to
decline to 56% if all high- and low-probability proj-
ects are completed (Banerjee et al., 2015).

Another factor affecting electricity demand is
whether mining operations are underground or at
the surface. Underground mining operations
require significantly higher quantities of electricity,
due to a great rise in hauling requirements, ventila-
tion, water-pumping and other operations
(Toledano, 2012). Figure 4 provides an indication
of the difference in electricity demand for coal, cop-
per, gold and platinum. It can be seen that surface
mining consumes 30% to 40% less electricity. 

3.2 The demand profile
This section introduces the 24-hour demand pro-
files of five different mining operations in South
Africa. The purpose is to gain a better understand-
ing of the consumption patterns and how renew-
able electricity sources could fit in.

The demand profile in Figure 5 illustrates the

3 Journal of Energy in Southern Africa  •  Vol 27 No 2 • May 2016

Figure 2: Cumulative power requirements at stages of beneficiation 
Source: Banerjee et al. (2015)

Figure 3: Electricity demand by processing
stage

Source: Banerjee et al. (2015)

Figure 4: Underground and surface mining electricity demand



electricity consumption pattern of an underground
grid connected gold mine in South Africa. The 24-
hour electricity demand is relatively constant, with
two visible reductions at approximately 9am and
7pm. The purpose of these reductions is to save
costs and to shift loads to other times if possible.
The reason for shifting consumption is Eskom’s
Megaflex tariff structure, which is used for large
electricity consumers and is more expensive at these
times, as can be seen on the price signal line. In
addition, Eskom’s demand response programme
invites large customers to reduce their demand
when requested in return for financial rewards,
which improves grid stability (Williams, 2014). This
demand-side management (DSM) strategy is com-
monly used in South Africa to lower operating costs
by optimising time schedules of systems like pump-
ing and refrigerating (Mathews, 2005).

Figure 6 illustrates another average weekday
and Sunday consumption profile of a large grid-
connected underground gold mine in South Africa.
The purpose of the consumption reduction around
8:00 and 18:00 is again to save costs by shifting
demand to other times (Wouter, 2014). Apart from
the two reductions, the day and night electricity
consumption remains relatively constant. The
demand profile in Figure 7 illustrates the 24-hour
electricity usage of an underground grid-connected
coalmine in South Africa. The usage dip between
2am and 7am is due to operating processes and not
a DSM strategy, but the reduction at 6pm is load-
shifting to reduce costs. The consumption on week-
ends is lower than during the week (van Staden,
2015). The electricity demand profile of the third
mine does not exist in the form of a graph, as the
consumption is not recorded on an hourly base.
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Figure 5: Electricity demand profile of an underground gold mine 
Source: Mathews (2005)

Figure 6: Electricity demand profile of an underground gold mine
Source: Wouter (2014)



The operation is not grid-connected and runs on
diesel generators day and night. The 24-hour con-
sumption is constant. The mining is conducted on
the surface and the main mineral extracted is zircon
(Beukman, 2015).

Four demand profiles in this section and in
Figure 9 in the next section show a relatively con-
stant 24-hour consumption. The profile in Figure 7
has only one reduction in the early morning, to half
the amount used after midday. The mine still uses
3MW at the lowest point of the curve.
Consequently, the fundamental prerequisite for an
electricity source to be suitable for a mining location
is its baseload capacity to be able to cover the elec-
tricity need for 24 hours a day. The intermittency of
most renewable sources like wind or solar photo-
voltaic (PV) renders it impossible to use these
sources individually to cover the electricity demand
of mining operations (Judd, 2014a; Mostert, 2014).

3.3 Hybrid concepts
This section introduces the concept of hybrid solu-
tions in accordance with the demand profile. It is
difficult to generalise to all mining operations, as
every profile has its own characteristics, but the con-
cept of a 24-hour demand, and commonly with a
relative constant usage, is also provided in the pre-
vious section.

Without a grid connection, there are three tech-
nical options to be able to use renewable sources
with lower capacity factors at mining locations:
renewables with storage, a hybrid system, and a
hybrid system with storage. A detailed report on the
opportunities of renewables at mining locations in
South Africa (Boyse et al., 2014) identifies a hybrid
version combined with a baseload capacity source
as most cost-effective. The model recommended is
that the supply/demand profiles have to be opti-

mised, which means that all renewable energy goes
to the primary load. Ideally, at peak output the sup-
ply should not exceed the mine’s demand. Grid-
connected mining operations can add a single
renewable source for purposes like decreasing costs,
increasing independence and lowering CO2 emis-
sions (Levesque et al., 2014). 

The basic principle of a hybrid system is illustrat-
ed and explained in Figure 8, although the hybrid
project can also be realised with other renewable
sources like wind. Where there is a grid-connection
to Eskom it is, for example, possible to replace the
diesel generator (Wirth, 2015). 

The demand profile of the first renewable elec-
tricity project at the non-grid-connected Cronimet
Chrome Mining’s Thaba mine is presented in Figure
9 and was finalised at the end of 2012. The project
is a hybrid solution, and uses a 1 MW PV system
(60% penetration ratio) and a 1.6 MVA diesel gen-
erator. The diesel generator provides the back-up
electricity. The time span from concept to commis-
sioning took six months. The initial capital outlay
was EUR 2.42 million for the PV plant in 2012, with
annual 1% operating and maintenance costs. The
annual diesel burn was 1.9 million litres, of which
450 000 litres can be saved through the solar PV
plant. It was calculated that the breakeven point
would be achieved at 3.6 years owing to the savings
on diesel. The calculation included the assumption
of an annual 12% diesel inflation rate on initially
EUR 1.05 per litre. The net present value was cal-
culated at EUR 2.86 million, with a discount rate of
15% and a lifetime of 20 years (Ambros, 2014). 

The demand profile in Figure 9 is relatively con-
stant, with a slightly increase between 8am and
5pm; the sudden drop at 11am is due to opera-
tional processes. As stated at the beginning of this
section, the general solar peak supply does not
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Figure 7: Electricity demand profile of an underground coal mine 
Source: Van Staden (2015)



exceed the mining demand. The solar PV profile
represents a clear sky throughout the whole day. As
the solar PV generation increases, the diesel gener-
ator production decreases and vice versa. It is
important to note that the diesel generator has a
lower load limit of 25% to prevent damage. Below
this limit it suffers from poor combustion, which
reduces efficiency, increases maintenance costs and
can cause permanent damage that reduces its life
span. A control unit manages the supply levels of
solar and diesel generator (International Renewable
Energy Agency [IRENA], 2013). A hybrid version
with Eskom requires only a 5% minimum base load
to keep the electricity supply stable (Wirth, 2015).

The principles for hybrid versions with wind and
geothermal power are similar, but the different gen-
eration profiles have to be considered. Wind gener-

ation is possible throughout the whole day.
Variations between no wind and strong wind are
possible, which makes it important to create a wind
profile of the area through measurements (Rehman
et al., 2012). Geothermal energy, on the other
hand, is not dependent on the weather and has a
constant 24-hour electricity output. Both sources
require lower spinning limits for a diesel generator
due to their more constant supply levels (Wirth,
2014). 

3.4 South African landscape
South Africa’s economy is the second-biggest on
the African continent, with a GDP of EUR 3.18 bil-
lion in 2014. The GDP of Nigeria surpassed the
South African one in 2011 (World Bank Group,
2015c; Statistics South Africa, 2015a). Since 2013,
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Figure 8: Principle of a hybrid system 
Source: Boyse et al. (2014)



the mining sector in South Africa has contributed
about 8% to the GDP, with a long-term downward
trend since 1970’s 21%. Despite the decline in the
growth rate of real investment, mining is still respon-
sible for nearly 19% of private sector investment.
Today, minerals account for 30% of South Africa’s
total merchandise export (Chamber of Mines, 2014).

As illustrated in Figure 10, South Africa has sill
one of the most reliable electricity supplies in Sub-
Saharan Africa. The electricity crisis, including
Eskom’s power outages, contributed to economic
growth dropping by 1.5% to 3.5% in 2008. The
mining sector suffered the most, and plunged by
22.1% in the first quarter of 2008. The Eskom crisis
in 2015 caused economic growth to contract by

1.3% in the second quarter to 1.2%. The produc-
tion of the mining sector decreased by 4.8% from
2014 to 2015 (Maasdam, 2008; Statistics South
Africa, 2015b). 

Eskom’s Megaflex tariff, commonly charged to
mines because of their high consumption, increased
by 346% from 2007 to 2015. As can be seen in
Figure 11, however, South Africa still has one of the
cheapest tariffs in Africa (the statistics are from
2014). The South African mining sector consumes
15% of Eskom’s annual output. Within the mining
industry, gold mining uses 47% of the total, fol-
lowed by platinum at 33%, with all other sectors
combined consuming the remaining 20% (Eskom,
2010).
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Figure 9: Electricity demand profile of a surface chromium ore mine 
Source: Wirth (2015)

Figure 10: African comparison of security of electricity supply 
Source: Banerjee et al. (2015)



3.5 A global overview of existing projects
Worldwide, 21 operating renewable energy projects
were identified, and these are introduced and cate-
gorised in Table 1. The market is relatively young,
with the first wind project being commissioned in
2010 and the first solar project in 2012. An over-
whelming 91% of the electricity sources are solar
PV (n=11) and wind (n=8) installations. Half the
projects are in Chile, of which the majority are grid-
connected and financed through a power purchase
agreement. Table 1 shows the projects that are not
connected (1–11) and those that are connected
(12–21) to their countries’ national grids. The fol-
lowing conclusions can be drawn:

Off-grid projects
• They can be found in various countries.
• Seven out of twelve are based on the mining

corporation’s own investment. 
• The largest project is 6.7 MW.

On-grid projects
• Eight out of ten are in Chile.
• 90% are financed through a power purchase

agreement; and
• Sizes range up to 115 MW. 

3.2 Attractiveness of electricity sources
This section discusses technological factors of cur-
rently used and possible renewable electricity
sources for mining operations in South Africa. Table
2 represents an overview of the results. 

Two types of technical factors were selected.
These were identified according to the main factors
used to analyse electricity sources in the papers
investigated for Table 2. Only experience and pro-
ject size were added to the specifications of this
research. The first type provides indicative data for
generating technologies, namely initial investment
costs, levelised costs of energy and capacity factor.5

The second type indicates the suitability for the pur-
pose of mining operations in South Africa. The
selected factors are: the experience with the source
in the global mining industry; the availability of the
energy source or fuel in South Africa to power the
system; the service infrastructure in South Africa;
and the possibility to realise medium-scale projects
of 1–10 MW. The location of mining regions in
South Africa is indicated in Figure 12. This will give
a better understanding of the natural fuel availabili-
ty to power the renewable technology. 

Gas generators were not selected, as the fuel
supply infrastructure in South Africa is not sufficient
and is currently not used by South African mines
(Boyse et al., 2014; IRENA, 2015c). The black
blocks on the maps indicate the mining areas where
the source can be used. The non-renewable and
renewable electricity-generating technologies,
which have the potential to be used on-site or via
grid connection by mining corporations, are now
briefly introduced. 

Diesel generator
The usage of diesel generators at mining operations
in South Africa is common. The reason for this is
their high reliability due to solid service and fuel
infrastructure. Projects of all sizes can be executed,
according to the need of the mine (Global Data,
2014). The average annual diesel price increase is a
combination of the forecasted global real annual
increase of 2% (OPEC, 2014; World Bank, 2015b)
and a South African average annual inflation rate of
5% (International Monetary Fund, 2014;
Organisation for Economic Co-operation and
Development, 2014). 

Eskom
Eskom is responsible for South Africa’s electricity
production. The country’s electricity is produced
with coal-fired plants (93%), renewables (1%),

8 Journal of Energy in Southern Africa •  Vol 27 No 2 • May 2016

Figure 11: African comparison of electricity tariffs for mines firms
Source: Banerjee et al., 2015
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pumped storage (1%), gas (1%) and nuclear power
(5%) (Eskom, 2014). Eskom’s experience and prac-
tical knowledge is extensive, as numerous mines
use Eskom as a supplier (Boyse et al., 2014). The
availability of Eskom as a source can be seen in
Figure 13. The thin lines represent the power grid
(availability of power source), which is not ideally
developed in the central and western regions. The
service infrastructure is well established, as Eskom
owns the /national grid. Applications can be made
for medium- and large-scale connections (Eskom,
2015a).

Solar photovoltaic
The data for solar photovoltaic (PV) technology are
based on single-axis tracking devices. The global
experience with solar PV technology at mining
operations is considerable (see Table 1). The areas
with high mining activity are indicated in Figure 14;
the majority have an annual radiation of more than
2 000 kW/m2. The modular technology enables
medium-sized projects. The service infrastructure is
well established owing to an established market in
South Africa (South African Photovoltaic Industry
Association, 2013; Global Data, 2014).

Concentrating solar power 
The data presented for concentrating solar power
(CSP) are based on the technology of parabolic
trough with synthetic oil and power tower with
molten salt, as both technologies are commercially
proven and available (Gauché, Brent & Von
Backström, 2014). The initial investment is strongly
positively correlated with the capacity factor. The
global experience with CSP and mining operation is
limited, with one grid-connected project in Chile
(Table 1). The sun radiation in mining areas shows
high potential to use CSP as a power source, as dis-
cussed with solar PV in Figure 14. The service
infrastructure is established with several companies
in South Africa, which have realized seven projects
(National Renewable Energy Laboratory, 2015).
Projects of up to 10 MW exist, but are not commer-
cial as costs are too high (Fraunhofer ISE, 2013). 

Wind power
For the purpose of this paper, only on-shore wind
technology was considered, as it is easier to carry
out wind parks closer to the mining operations. The
international experience with wind and mining
operations is advanced, with nine established off-
and on-grid projects (see Table 1). Figure 15 illus-
trates mining areas with the highest wind potential
in South Africa. The overall power availability is
medium, as wind conditions in the centre of South
Africa are generally less favourable (Department of
Trade and Industry, 2015). The service infrastruc-
ture in South Africa is well established, as several
wind farms have been established and the respon-
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Figure 12: Industrial areas, mines and ports in South Africa
Source: Michigan State University (2006)

Figure 13: Eskom power stations and grid
Source: Eskom (2013)
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Figure 14: Solar resource quality across South Africa
Source: SolarGis (2013)

Figure 15: Wind resource quality in South Africa
Source: WASA (2014



sible companies are located in the country. Projects
can be realised on a small-to-utility scale (IEA,
2014; SA Wind Energy Association, 2015).

Geothermal
For the data of this paper, only the ‘hot dry rock’
method was considered, because it has the highest
potential for electricity generation and future devel-
opment (IRENA, 2014; Geothermal Energy
Association, 2013). No experience with mining
operations could be identified (see Table 1). Figure
16 indicates the mining locations with the highest
potential. In granite areas, 3 000 m to 5 000 m have
to be drilled. The service infrastructure is limited, as
there are no larger projects in the country. Projects
can be realised on a small to utility scale (Tshibalo
et al., 2015).

Biomass
The data for electricity generation with biomass
focuses on the matured technologies, including
direct combustion in stoker boilers, low-percentage
co-firing, anaerobic digestion, municipal solid waste
incineration, landfill gas, and combined heat and
power (IRENA, 2015a). No experience with
biomass electricity generation could be identified
globally (see Table1). As can be seen in Figure 17,
South Africa is a water-scarce country, which makes
fuel availability medium with some potential in the
north-east area. The service infrastructure is still a
challenge, which lowers the reliability of the system
and fuel supply (van Zyl, 2010; Bole-Rentel &
Bruinsma, 2013; IRENA, 2012).

Battery storage
The data for lithium-ion and lead-acid batteries is
presented, as cost and performance levels are
improving, especially in comparison to sodium-sul-
phur batteries (IRENA, 2015b). Batteries can
extend the capacity factors of non-baseload tech-
nologies, like solar PV and wind power (Dickens et
al., 2014). Global experience is limited, with one
operational project in Australia (see Table 1), as is
service infrastructure. Two operational projects
were identified with 10 kW and 20 kW (DOE, 2015;
IRENA, 2015b). 

Hydro power
The data represented for hydro power excludes
pumped storage. At present, one project in Chile
represents limited experience with mining (see Table
1). Figure 18 shows that power source availability,
especially for micro projects, is moderate in south-
western regions of South Africa. The service infras-
tructure is improving as more projects are being
introduced, but it is still in its infancy. It is possible
to realise projects on a small to utility scale (Klunne,
2012; Rycroft, 2014a). On-site executions are high-
ly constrained, however, as the mining operation
has to be close to the hydro facility. 

3.3 Attractiveness business models
This section focuses on business models of renew-
able energy projects at mining operations, as initial
expenses are considerably higher and the experi-
ence with present sources is well established. Table
3 provides a summary of the main organisations

13 Journal of Energy in Southern Africa  •  Vol 27 No 2 • May 2016

Figure 16: Geological map of South Africa
Source: Tshibalo et al. (2015)



and the regulatory and policy framework for renew-
able energy in South Africa. 

In South Africa, the government is presently not
supporting the implementation of off-grid industrial
electricity generation from renewable sources.
However, there are plans to implement subsidies
until 2020 for solar photovoltaic electricity genera-
tion (Ahlfeldt, 2013). 

This section discusses the attractiveness of the
different business models for South African mining
corporations to execute renewable energy projects.

Business models entailing wheeling agreements
with Eskom were not considered, as costs can add
up to 18% to the kWh price (Rycroft, 2014b; Haw,
2013). The models investigated are self-generation,
industrial pooling, net metering, and self-generation
for powering townships (Boyse et al., 2014; GIZ,
2014; Banerjee et al., 2014): 

Self-generation model
In the case of the self-generation model, the mining
corporation develops a renewable generation
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Figure 17: Net primary productivity of the land
Source: Schulze (2007)

Figure 18: Hydro power potential
Source: Kusakana (2014)



source to reduce electricity costs and to increase
independence. Grid-connected mines use this
model as a separate electricity source, which is only
connected to the mine. It is possible to implement
this model in two ways. The first is for the mine to
develop, finance and operate the plant on its own
land, using a subcontractor for the development.
The second is to lease its own land to an indepen-
dent power producer (IPP), who sells the electricity
to the mine. The benefit of the self-generation
model is that the smallest number of actors is
involved, so that experts presently prefer it. The dis-
advantage is the high initial investment cost – which
represents a shift from operating expenses (diesel
fuel or Eskom electricity costs) to capital expenses
(plant costs), making this model rewarding only in
the long term. The risk for an IPP is the long-term
commitment to only one client, the mine. Factors
like changing commodity prices or operational
expenses can lead, in the worst case, to the closure
of a mine (Jamasmie, 2014). 

Industrial pooling model
The industrial pooling model entails several corpo-
rations, with mining operations situated close to
one another, forming a partnership to reduce elec-
tricity generation costs. The foundation of this

model is the building of a consortium to enter a
long-term power purchase agreement with shared
renewable energy assets. As in previous models, the
project can be realised by using combined financial
investments and a subcontractor to build the plant.
The plant would be situated on the land of one of
the mining operations. Another option is to use an
IPP. A mini-grid would be used to distribute the
electricity. The advantage would be a lowering of
the electricity costs as a result of a higher economy
of scale than in the case of self-generation. The dif-
ficulty lies in the planning process of the model.
Experience has shown that a joint capital invest-
ment of competitors is difficult to achieve, owing to
different interests, diverse lifespans of the mines,
and a lack of education about renewables. 

Net metering model
The net metering model can only be implemented
by grid-connected mines, which purchase electricity
from the national supplier. Its purpose is to lower
long-term electricity expenses, avoid potential elec-
tricity interruptions and use cleaner electricity. This
model can be installed by the mine itself, using a
subcontractor, or by an IPP. Eskom purchases the
excess electricity produced by the renewable
source.  The benefit of the system is in gaining addi-
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Table 3: Governmental and regulatory structure for renewable energy in South Africa
Source: Boyse et al. (2014); DoE (2015); Department of Environmental Affairs (2015)

Organisation Purpose

Department of Energy The governmental body in South Africa that is responsible for creating 
policies and strategies regarding energy production and administration.

Department of Environ- The governmental body to ensure the protection of the environment and  
mental Affairs conservation of natural resources, in balance with a sustainable development  

of the country. 

Energy Development Governmental agency to support the development of renewable
Corporation energy and alternative fuels through investment. 

National Energy Regulator Regulating authority that supervises over the electricity supply industry. 
of South Africa 

Policy Purpose `` Introduction

White Paper on Energy General energy policy. Set goal of developing renewable energy by 1998, renewed
Policy reforming fiscal, legislative and regulatory regimes. 2009

White Paper on Renewable Laid the foundation for the widespread implementation of 2003
Energy renewable energy, and set target of 10 000 GWh by 2013.

National Cleaner Production Framework (non-binding) to promote sustainable energy production 2004
Strategy and consumption across South African industries.

Energy Act Contained strategy for increased generation and consumption planning 2009
(renewable and conventional energy sources).

Renewable Energy Feed-in Set tariffs for wind, small hydro, concentrated solar, and landfill gas tech- 2009
Tariff programme nologies. The tariffs were aligned with falling technology costs in 2011.

Integrated Resource Plan A national, long-term plan on electricity supply, based on nuclear power, 2010–2030
coal and renewables. Total PV capacity goal is 8 400 MW. The REIPPP 
falls under this plan.

Renewable Energy Bids Independent power producers bid for on-grid production capacity. In the 2011
first round (2012), 1 415 MW was allocated across concentrated solar 
PV, concentrated solar PV, and biogas.



tional revenue for the operator of the system. In
addition, no electricity is wasted, as all energy gen-
erated is used. The disadvantage of the model is
that net metering is currently not formally support-
ed by the regulatory framework in South Africa and
is therefore not attractive. 

Self-generation model for powering rural
settlements 
The self-generation model for powering rural settle-
ments is especially for off-grid mines running on
diesel generators. In this case, a rural settlement
would be situated close to the mine. The communi-
ty could be connected via a mini-grid through an
own investment or an IPP. The outcome would be
the reduction of electricity expenses for the mining
corporation and rural electrification. The renewable
electricity plant can be installed via a subcontractor,
by the mine itself, or through an IPP. The neigh-
bouring community would apply for government
support to run a transmission line. 

The advantage of the model is that selling the
unused electricity to the community creates extra
revenue – with the mine also contributing to one of
the government target of expanding electrification.
A difficulty presented by the model is the deviation
of active mines from their core business. In addi-
tion, the process of obtaining the required permits
from Eskom, NERSA and environment or land
management offices is lengthy and difficult. The
regulatory difficulties make this model unfeasible. 

3.5 Carbon emissions tax
The South African government has announced its
intention to launch a carbon emissions tax
(Republic of South Africa, 2013). The bill is part of
the commitment to reduce greenhouse gas emis-
sions below business as usual by 34% by 2020 and
42% by 2025. The tax is planned to be introduced
at a marginal rate of EUR 8.61 (ZAR 120) per ton
of CO2. Taking into account the listed tax-free
threshold, the effective carbon tax rate will vary
between EUR 0.43 (ZAR 6) and EUR 3.44 (ZAR
48) per tonne CO2. All calculations are closely
linked to the Department of Environmental Affair’s
mandatory reporting requirements. Entities will be
liable for fossil fuel combustion emissions, industrial
processes and product use emission, and fugitive
emissions (National Treasury of South Africa, 2015;
Swart, 2015). 

According to the latest publication from the
Treasury, the Draft Carbon Tax Bill includes the fol-
lowing features (National Treasury of South Africa,
2015): 
1. Basic 60% tax-free threshold during the first

phase of the carbon tax, from implementation
date up to 2020.

2. Additional 10% tax-free allowance for process
emissions.

3. Additional tax-free allowance for trade exposed
sectors of up to 10%.

4. Recognition for early actions and/or efforts to
reduce emissions that beat the industry average
in the form of a tax-free allowance of up to 5%.

5. A carbon offsets tax-free allowance of 5–10%.
6. To recognise the role of carbon budgets, an

additional 5% tax-free allowance for companies
participating in phase 1 (up to 2020) of the car-
bon budgeting system.

7. The combined effect of all of the above tax-free
thresholds will be capped at 95%.

There is, however, still much controversy about
the actual design of the tax, the date of implemen-
tation and even if it will actually be implemented. A
scenario analysis by Roger Baxter, CEO of the
Chamber of Mines of South Africa (2015), offers
two case scenarios of how the tax would affect two
deep underground gold mines close to
Johannesburg, owned by AngloGoldAshanti and
SibanyeGold. The Sibanye case predicts a further
30% price increase from 2014 till 2017. The Anglo
case forecasts its electricity tariff to increase from
EUR 4.3 c/kWh in 2013 to EUR 10.9 c/kWh in
2020 (ZAR 60–152 c/kWh); without the tax an
increase to EUR 10.4 c/kWh (ZAR145 c/kWh) is
projected.

The treasury claims the tax will not affect the
cost of Eskom electricity, as the utility might be
excluded, or the existing environmental levy includ-
ed in tariffs will be replaced by the tax. In addition,
plans are still uncertain about a levy reduction and
other ‘revenue recycling’ measures, which will be
specifically aimed at not increasing costs in dis-
tressed sectors such as mining (Van Rensburg,
2015; Peyper, 2015; Dhawan, 2015; Seccombe,
2015). 

4. Results and discussion
4.1 A possible fit of renewable sources to
mining operations
Several renewable sources have half the levelised
costs of diesel generators and are close to parity
with Eskom, even without including forecast future
price changes, which are also in favour of renew-
ables. In the case of own investment, however, the
disadvantage of renewables is the high initial capital
expense, instead of current operational expenses. It
can therefore be seen as an investment for long-
term success. 

The risk factor of high initial capital expenses,
combined with limited global experience, necessi-
tates the further education of decision-making lead-
ers of mining corporations. The global renewable
energy market only started to evolve in 2011, with
the first and so far only project in South Africa being
realised in 2012. 

Most mines have a relatively constant baseload
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consumption, so that, considering the intermittency
of most renewable sources, it is only possible to use
such sources in hybrid versions. For a mine that is
not grid-connected, a hybrid version with the cur-
rently used diesel generator was identified as most
promising, as storage facilitates are still too expen-
sive. 

4.2 Current attractiveness of different
renewable sources
The renewable technology with the highest poten-
tial for the majority of mining corporations in South
Africa is solar PV. Initial investment costs are low in
comparison to other renewable energy technolo-
gies, besides wind power, but roughly three times
the price of present sources. As stated before, how-
ever, current levelised costs are half the amount of
diesel generators and close to parity with Eskom.
The global experience in this market is the most
highly established, with 11 projects, demonstrating
the success of the model (Table 1). The availability
of the power source is also the best compared to the
other renewable technologies. Furthermore, owing
to the numerous companies situated in South
Africa, the service infrastructure is well developed.
Wind energy is selected as the second-best option.
The disadvantage, in comparison to solar PV, is the
lower availability of the power source, which
decreases the potential for on-site realisations. The
third and last option selected for its potential is
geothermal technology. Though the initial invest-
ment costs are high, the levelised costs are low.
Disadvantages are that there is no experience with
this technology within mining operations, service
infrastructure is low, and the technology is relatively
new, especially in South Africa. The geothermal
option does, however, have the potential for a
baseload source with a capacity factor of up to
90%. Solar PV and wind, on the other hand, have
to be used as a hybrid version to achieve baseload
characteristics. 

All other renewable energy technologies were
evaluated as unsuitable at the current state of devel-
opment. The initial investment costs for CSP and
battery storage are too high. There is no experience
and a low service infrastructure with biomass. A
combination of low power-source availability, little
experience within mining operations, and a very
young service infrastructure are the reasons for not
selecting hydro power as an option. 

4.3 Potential of different business models
The business model of self-generation is selected as
the most attractive one in South Africa. The model
entails the least actors, which simplifies the realisa-
tion process. As far as the regulatory framework is
concerned, this is the most feasible option, as no
additional organisations are involved or licences
needed. Wheeling options were not considered, as

additional costs are up to 18% of the electricity
price and levelised costs of renewables are close to
parity with Eskom. The option of using an IPP is
limited, especially for smaller, remote mines. Some
of the reasons are the elevated risk factor of interna-
tional institutions investing in South Africa, the risk
that the mine as the only customer may close down,
and limited global experience with renewable pro-
jects at mining operations (Reeves, Whittaker &
Ellinghaus, 2015; Baker & McKenzie, 2013). 

4.4 Possible impact of the CO2 tax
The planned South African CO2 tax of EUR 8.61
(ZAR 120) with an actual effective impact of EUR
0.43–3.44 (ZAR 6–48) still involves a lot of contro-
versy regarding its realisation and it is not yet cer-
tain if or when it will be implemented. A case study
by two large mining corporations operating in
South Africa states that the tax would spur their cur-
rent negative economical development; the tax
would, however, add to the attractiveness of renew-
able sources to reduce CO2 emissions (Forer et al.,
2014).

5. Conclusion
This paper set out to determine the influences shap-
ing the market potential of renewable sources of
electricity at mining operations in South Africa. It
argued that the most attractive renewable electricity
sources for the corporations are, in descending
order of suitability, solar PV, on-shore wind, and
geothermal technology. Owing to the electricity
usage patterns of mining operations and the inter-
mittency of, especially, solar PV and wind, a hybrid
version with current sources must be used. To exe-
cute a project, the business model of self-generation
was identified as the most promising, and can be
realised through own investment or an IPP agree-
ment. 

The past and projected future economic situa-
tion of mining corporations operating in South
Africa creates the opportunity for renewable elec-
tricity sources to contribute to their long-term suc-
cess. The advantages would be greater indepen-
dence from diesel and Eskom’s electricity supply,
lower electricity costs and reduced CO2 emissions.
Considering the shift from operational to capital
expenses, however, there are some key challenges:
firstly, the need to foster greater trust in investors so
that power purchase agreement projects may be
realised, and, secondly and of greater importance,
the need to encourage further education for deci-
sion-making leaders of mining corporations so that
they are able to understand the emerging opportu-
nity presented by renewable electricity sources
(Judd, 2014b). Further research should, therefore,
be conducted to help these leaders to better under-
stand the concept of renewable electricity in relation
to their specific needs. Ideally, the research should

17 Journal of Energy in Southern Africa  •  Vol 27 No 2 • May 2016



be conducted from the perspective of these mining
leaders in order to make the knowledge more plau-
sible and accessible. Possible strategic approaches
that could add value and structure to the research
are the multi criteria decision analysis methods, the
strategic planning process, and Porter’s value chain
(Grant & Jordan, 2012; Hough et al., 2011).

Notes
1. The Energy Intensive User Group of Southern Africa

(2014a) is a non-profit organisation whose members
are energy-intensive consumers – of which 47% are
involved in mining and quarrying.

2. efers to the amount of carbon dioxide gas (CO2) that
is emitted as a result of, among other things, the con-
sumption of fossil fuels (Reddy & Jorgensen, 2014).

3. Summits of mining corporations and renewable ener-
gy companies started in 2013, to develop and discuss
the market of renewables in mining operations
(Energy and Mines, 2015).

4. For the purpose of this study the following exchange
rates from the 13.07.2015 were used: EUR 1 =
USD1.10 (CNN Money, 2015a); EUR 1 = ZAR 13.94
(CNN Money, 2015b).

5. This method considers the predicted lifetime-generat-
ed energy and estimates a price per unit of electricity
produced (Branker et al., 2011). The different sources
assumed: share of equity of 20–40%; share of debt of
60–80%; cost of capital of 8–10%; cost of debt of 6–
8% and a lifespan of 20–25 years.
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Abstract
In a renewable energy system, incorporating three-
dimensional technology in solar power generation
takes advantage of the three-dimensional nature of
the biosphere so that energy collection occurs in a
volume, contrary to what is commonly obtained in
planar or flat photovoltaic panel. Three-dimension-
al photovoltaic technologies are capable of generat-
ing more power from the same base area when
compared to the conventional flat solar panels. This
investigation examines methodologies for computa-
tion and analyses the effect of height per unit vol-
ume compared with a plain surface arrangement.
The results show remarkable increase in the energy
generated by the three-dimensional photovoltaic
structure over the two-dimensional planar struc-
tures.

Keywords: Three-dimensional technology, solar
energy, height per unit volume, power output 

1. Introduction
Solar power is a major energy source, capable of
making a substantial contribution to fulfilling the
world’s future energy requirements. According to lit-
erature, the average cost of commercial photovolta-
ic (PV) modules stands at an average of about USD
1.89–2.50 /Wp (Sahay et al., 2013; Candelise et al.,
2013, May 2012; Bernardi et al., 2012; Gaudiana,
2010). A photovoltaic system is a method of con-
verting solar energy or irradiation directly into use-
ful energy with the use of an electronic device called
a semiconductor (Usama et al., 2012). At present,
PV energy costs less than 1% of what it used to be
in the past. In spite of a substantial decline in PV
system costs, however, the levelised cost of electric-
ity (LCOE) of PV remains high. As at 2011, the
LCOE for residential systems without storage and
with assumption of a 10% cost of capital was in the
range USD 0.25–0.65 /kWh. With the addition of
electricity storage added, the cost range increases to
USD 0.36–0.71/kWh. In 2011, for thin-film systems,
the LCOE of current utility-scale was estimated to
be between USD 0.26 and USD 0.59/kWh. The
cost for the crystalline solar PV system is higher
(Candelise et al., 2013). For the PV solar energy
conversion technology to be affordable and for
building-integrated photovoltaics (BiPV) technolo-
gy to become economically attractive for building
applications, this cost can be brought down to at
most USD 1/Wp (Shaari, 1998). This can only be
made possible if the appropriate solar energy con-
version technology were employed (Suto and
Yachi, 2011) and a solar incentive programme and
net metering were implemented (United States
Department of Energy [DoE], 2008). Different
types of solar cells are available for use for energy
conversion technology. However, crystalline silicon
(Si) dominates around 90% of the current PV mar-
ket (Ismail et al., 2013). 

Convectional PV modules have relatively low
energy density and this is worsened by the fact that
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the output of the devices is dependent on the lati-
tude of the installation and the weather conditions
of the location; besides, the peak insolation hours
available in most locations is limited (Bernardi,
2012; Aglietti et al., 2008), In achieving the energy
conversion target, the use of low-cost base material,
optimal device design and affordable device pro-
cessing technology are vital (Gharghi et al., 2006b).
Conventionally, for low-scale solar energy genera-
tion, flat PV panels are installed in residential and
commercial rooftop installations. In cases where the
rooftop is not adequate for use or the plants are too
large for roof-mounting, solar modules can also be
placed on the ground, either as a fixed mount or a
tracking mount that follows the sun to orient the PV
modules. Other options include mounting as struc-
tures that create covered parking or provide shade
as window awnings. This is often used in multifam-
ily or commercial applications (DoE, 2008). There
is the need for establishing improved technology in
order to optimise power generation per installation
area. For more effective use of the sunlight energy,
the number of hours the solar cells are in trajectory
with the sun for peak power generation can be
lengthened by incorporating sun-trackers (Mousa-
zadeh et al., 2009; Moradi & Reisi, 2011), although
the tracking has the disadvantage of introducing
additional costs. It also requires larger space for
operation thereby causing interference with other
panels and possible shading and is also subject to
occasional maintenance and disruptions.
Furthermore, it is not suitable for residential or com-
mercial installations due to its bulky moving parts
(Yahyavi et al., 2010; Mafimidiwo & Saha, 2014).
However, it is still being used for the fact that its
price has reduced considerably (Philipps et al.,
2015). A tracking system can be more cost efficient
if the cost of its tracker is less than total costs of that
system by a factor of (Tc – 1)/Tc where Tc is the
tracking factor, which tends to unity as it improves
the output power generated and this varies from
location to location (Yahyavi et al., 2010). In addi-
tion to this, it can generate more energy with fewer
solar panels, lower electrical device ratings and a
smaller structure on about the same land area
(Yahyavi et al., 2010; Philipps et al., 2015).
Nevertheless, there is a need for improved technol-
ogy for solar energy optimisation. 

2. Three-dimensional photovoltaic structure
Three-dimensional photovoltaic (3DPV) technology
is a new technology in PV energy generation that
mimics the pattern found in nature of structures that
collect sunlight in three dimensions (Suto & Yachi,
2011; Gharghi et al., 2006b; Yuji & Yachi, 2010).
Three main physical reasons underlying the advan-
tages of collecting light in 3D are the multiple orien-
tations of the absorbers that allow for the effective
capturing of off-peak sunlight, the avoidance of

inter-cell shading, and the re-absorption of light
reflected within the 3D structure (Suto & Yachi,
2011; Yahyavi et al., 2010; Bernardi et al., 2012).
These benefits enable the measured generated
energy densities (energy per base area) to be higher
by a factor of 2–20 than the stationary flat PV pan-
els. The 3DPV is a new approach for achieving
optimum solar energy that will yield a cost-effective,
more reliable and most economically friendly alter-
native energy source (Aglietti et al., 2009; Bernardi
et al., 2012q; Yuji & Yachi, 2010). 

The 3DPV technology utilises the 3D nature of
the dimensional structures such as the spherical or
cubic system to absorb power in the entire volume
of that material. Hence, power is measured in Watts
per unit volume as against per area measurement as
in the planar or two-dimensional system. Further-
more, the impact of height in system efficiency for
the 3DPV is remarkable (Aglietti et al., 2009;
Yahyavi et al., 2010; Yuji & Yachi, 2010). Some of
the research carried out on this technology is briefly
discussed in this paper.

2.1 Solar energy generation in three
dimensions
According to the Massachusetts Institute of
Technology (Myers et al., 2010), it has been estab-
lished that 3DPV structures can increase the gener-
ated energy density in a linear proportion to the
structure height, for a given day and location. The
optimum shape of the 3D structures was derived
using computer simulations such as genetic algo-
rithms for optimising the generated output energy.
These 3D structures include a cubic box open at the
top, a funnel-shaped cubic box, a sphere, a paral-
lelepiped, or any other 3D shape that in principle is
found capable of doubling the daily energy density.
The 3DPV structures were found to lessen some of
the variability inherent in solar PV as they provide
a more regular source of solar energy generation at
all latitudes. They are found capable of doubling
the number of peak power generation hours as they
intensely reduce the seasonal, latitude and weather
variations of solar energy generation when com-
pared to a flat panel design (Bernardi et al., 2012;
Yahyavi et al., 2010; Myers et al., 2010). 

2.2 The 3DPV module assembly by
Fibonacci number
The 3DPV technology by Fibonacci number
method involves the arrangement of the individual
solar cells of the three-dimensional PV module in a
leaf-like manner. The arrangement revealed that
such a modular design has the benefits of having
each solar cell receive the reflected light from the
other cells, thereby maximising power generation
per installation area (Myers et al., 2010) It also
enables solar cells to be stacked in a vertical config-
uration, which enhances the doubling of daily ener-
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gy density (Yuji & Yachi, 2010; Yahyavi et al.,
2010).

2.3 Fibonacci number composition for out-
put power characteristics of a 3DPV module
Another research group carried out a test on a
3DPV module whose configuration was based on
Fibonacci numbers (Suzumoto et al., 2012; Yuji &
Yachi, 2010; Suto & Yachi, 2011). The simulation
results revealed that the power generation charac-
teristics of the solar cells depend on the shape and
spacing of the solar cells for the most effective use
of sunlight energy.

2.4 Spherical silicon solar technology 
Accurate 3D technology was found to enable inno-
vative and improved device design, which can
result in overall cost effectiveness, improved materi-
al processing and system utilisation (Gharghi et al.,
2006b, Szlufcik et al., 1997). Of particular interest is
the spherical silicon solar technology, which was
found to be attractive, ideal and quite inexpensive.
It utilises low-cost silicon feedstock for its fabrication
process, which is found to be simple and inexpen-
sive (Gharghi et al., 2006a). In addition, self-sup-
porting 3D shapes are discovered to create new
schemes for PV installation and increase energy
density that can facilitate the use of inexpensive thin
film materials in area-limited applications. Hence,
harnessing solar energy in three dimensions can
open new avenues towards Terawatt-scale genera-
tion (Bernardi et al., 2012).

2.5 3D nanopillar-based cell modules
In recent years, much progress has been made in
developing PV that can potentially be mass
deployed (Fan et al., 2009). An example is 3D
nanopillar-based cell modules which were used for
the purpose of reducing solar cell cost by utilising
novel device structures and materials processing to
yield acceptable efficiencies. In this regard, the
highly regular, single-crystalline nanopillar arrays of
optically active semiconductors are directly grown
on aluminium substrates, which are configured as
solar modules. An example is the CdTe/CdS PV
structure that incorporates 3D, single-crystalline n-
CdS nanopillars, which is embedded in polycrys-
talline thin films of p-CdTe, to enable high absorp-
tion of light and efficient collection of the carriers.
The cadmium sulphide cell (CdS) and cadmium tel-
luride cell (CdTe) are chemically different semicon-
ductors with different bandgaps and doping or con-
ductivity type. They form a good pair CdTe/CdS as
one of the topmost successful heterojunction for PV
applications to overcome the problem of poor junc-
tion formation. The prefix n or p attached to each
semiconductor indicates the type of doping that is
given to it, or it indicates its conductivity type
(Green, 2015). Various experiments and modelling

exercises proved the potency arising from the geo-
metric configuration of this approach to enable
enhanced carrier collection efficiency on both rigid
and flexible substrates of the highly versatile
nanopillars solar modules (Fan et al., 2009).

3. Effect of height in the Fibonacci method of
3DPV generation

The Fibonacci method of PV module (FPM)
installation utilises numbers to attain the height
spacing for volumetric adsorption of solar irradia-
tion to optimise solar power generation in an area
(Suto and Yachi, 2011, Yuji and Yachi, 2010, Seiji
Suzumoto1, 2012). The manifestations of the
Fibonacci numbers and the golden ratio are appar-
ently endless and can be found throughout nature
in the form and designs of many plants and animals
(Grigas, 2013; Koshy, 2011). The Fibonacci
sequence can be perceived in nature in the spirals
of a sunflower’s seeds and the shape of a snail’s
shell (Grigas, 2013). These numbers have also long
been used in various manners in architecture, art
and music as well as medicine, science and engi-
neering. In particular, the numbers are widely used
in engineering applications including computer data
structures and sorting algorithms, financial engi-
neering, audio compression, architectural engineer-
ing and solar energy application (Zou et al., 2004;
Belegundu & Chandrupatla, 2011; Stakhov, 2005;
Koshy, 2011). The numbers highlight the order and
mathematical complexity of the natural world
(Grigas, 2013). They are present in the leaf or petal
arrangement of most plants as shown in Figure 1,
frequently in order to maximise the amount of light
received on the space allotted for each leaf or petal
on the plant (Mafimidiwo & Saha, 2014; Gharghi et
al., 2006b; Yuji & Yachi, 2010).

Figure 1. Leaf arrangement on plants by
phyllotaxis

Source: Grigas (2013)

In a similar fashion, a mass of silicon with an
expanded surface can absorb the solar radiation in
layers of its crystallised molecules (Grigas, 2013).
Conversely, the leaves are not usually arranged on
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a flat surface, but spread through the whole volume
of a plant. This is analogous to the reason why trees
tend to grow vertically – to access most of the solar
rays in a given volume. Solar panels can be
arranged in a similar fashion and the solar energy
considered in terms of Watt-hours per unit volume.
To install PV panels on a tall structure is, however
more time-consuming and costly than laying them
on the ground (Yahyavi et al., 2010). However,
depending on the price of land, arranging the solar
equipment on a raised structure could be more cost-
effective. Another advantage of a vertical arrange-
ment is the possibility of rotating Fibonacci solar
panels in order to track the sun for a higher efficien-
cy (Aglietti et al., 2009; Suto & Yachi, 2011:
Gharghi et al., 2006b).

Although 3DPV solar power installations are not
common, one such installation, using a FPM
approach, exists in Ontario, Canada as shown in
Figure 2. The solar-powered tree of about 0.5 kW is
installed at Tourism London, Wellington Rd,
Ontario Canada and it is funded by the Ontario
Power Authority (City of London, 2014). It is 7 m
tall and has 27 leaves, each producing power. 

Figure 2: A 500 W solar-powered tree at
Tourism London, Ontario Canada
Source: City of London (2014)

4. 3DPV structure effect on solar radiation
intensity
The generated solar energy density is a function of
the solar intensity called irradiance, which is mea-
sured in W/m2 (Boyd, 2013). Many parameters
determine the intensity of solar radiation, including
latitude, season, altitude, geographical conditions,
atmospheric pressure, humidity, time of day, and
some other extra-terrestrial effects such as solar
storms. On a clear day, the intensity of solar radia-
tion is at its maximum around noon and decreases
towards dusk (Bernardi et al., 2012). However, the
3DPV structure was found to nearly double the
number of peak hours available for solar energy
generation and provide a measured increase in the
energy density by a factor of about 2–20 without
the use of sun-tracking in cloudy weather (Myers et

al., 2010). The structure is also found to be able to
reduce the large variability in solar energy genera-
tion with latitude and season, contrary to what is
obtained in the case of planar solar configuration
(Suto & Yachi, 2011; Yahyavi et al., 2010; Yuji &
Yachi, 2010; Grigas, 2013). The solar radiation
received on the surface of the material is propor-
tional to the power absorbed in the entire volume of
the 3DPV structure.

4.1 Energy per unit volume
Generally, some level of physical mass is required
for energy of any sort to be absorbed and this ener-
gy is found to be proportional to the volume and
density of that material (Suto & Yachi, 2011;
Yahyavi et al., 2010; Bernardi et al., 2012).
Mathematically, the material surface is two-dimen-
sional, while the physical objects are three-dimen-
sional (Yahyavi et al., 2010). It is proper to consider
energy in the volume, as well as energy on the sur-
face, in the context of solar energy (Yuji & Yachi,
2010). For energy per unit volume consideration, it
is assumed that some solar collectors are effectively
arranged within any three dimensional structure
such as a cube with arbitrary dimensions f, g, h fac-
ing northerly with the x, y, z-axes (Myers et al.,
2010). Hence, the cube volume, V, is also consid-
ered as a vector V with three assigned components,
as in Equation 1: 

       Vx = gh
       Vy = ƒh                                                      (1)
       Vz = ƒg

These components are assumed to be proportional
to the cube’s three faces on which the solar beams
radiate on the top, front and east or west at any
given time.

The solar irradiance is considered a vector with
variable components proportional to the absolute
values of x, y, z components. Hence, solar power, P,
going into the cube as indicated earlier can be
extended and interpreted as the scalar product of
the volume and irradiance vectors. 

5. Methodology
In order to analyse the energy absorbed by the
cube, this investigation considered the cube volume
and the vector components of the surfaces as
shown in Figure 3, with dimensions f, g, h standing
northwest with the x, y, z – axes. As stated in section
4, the cube volume, V, was considered a vector V,
with three components as given in Equation 1.
These components of the volume vector were
exposed to the solar beam radiation. It was also
considered that the solar irradiance is also a vector,
with variable components proportional to the abso-
lute values of x, y, z given by Equation 1. The impli-
cation of this would be that the solar power going
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into the cube of a solar tree can be expressed as a
scalar product.

Hence, 

       P = V. I                                                     (2)

where: 

       Px = ghl [Cos()()]

       Py = ƒhl[Sin()Sin()Cos() – Cos()Sin()],

and Pz is given by Equation 3

       Pz = ƒgl[Cos()Sin()Cos() + Sin()Sin()] 
                                                                          (3)

Total power is the vectorial sum of the components
as shown by Equation 4: 

       PTot = Px + Py + Pz                                    (4)

The value of irradiance and the angles and
are functions of time as described by (Kenny et al.,
2006, Yahyavi et al., 2010). The module of irradi-
ance M, which is defined as the average irradiance
in any location at a certain latitude, is introduced
in Equation 5. For the purpose of computation, the
M value applied here is taken as 62% for location
latitude of -29.8833 (South). 

Then,

Avg[Cos()Cos()] = Avg[Sin()Cos() = 0.62

Avg[Sin()] = 0 and f, g, h = 1

The module of irradiance for Durban is assumed
here as 0.62 for the month of January and it is
utilised here as a parameter of average irradiance at
the latitude () -29.8833 (South). This is specified
by the three components, including Equation 5. 

       Mx = 0.621

       My = 0.621Sin()

       Mz = 0.621Cos()

and

       M = Mx + My + Mz                                                  (5)

The average value of available solar power
obtained within the volume is the scalar product of
volume vector V and module of irradiance, M as
indicated in Equation 6:

       PAvg = V . M                                              (6)

Hence, Equation 7 with its associated compo-
nents and Equation 8 are derived. 

       Px-Avg = ghlMx
       PAvg = Py-Avg = ƒhlMy                              (7) 
       Pz-Avg = ƒglMx

and 

        PTot–Avg = Px-Avg + Py-Avg + Pz-Avg            (8)

Dimensions f, g, h in these equations are the effec-
tive dimensions where 100% of the solar energy is
absorbed. However, real dimensions of the occu-
pied space are ‘n’ times larger; and n relates to the
efficiency of the collectors. The efficiency of the
PV panels is assumed to be 16%, therefore, n is 2.5
in this case. This was found useful in the optimisa-
tion computations carried out on these two different
solar panels installation configurations.

A solar power system can be more efficient
depending on how it collects solar energy. In order
to determine the solar irradiance in volume, it was
assumed the solar panel was effectively arranged
within a cube as shown in Figure 4. From Equation
4, more energy could enter a volume as compared
with entering through a surface such that:

       (PTot > Px, Py, Pz)                                      (9) 

The main concept of measuring energy per unit
volume is that solar collectors get more irradiance
when elevated from the horizontal position as
shown in Figure 5 to the vertical position as shown
in Figure 4. 

The solar cell efficiency depends on the collec-
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tivity factor c, defined as the ratio of the collected
solar energy to the maximum solar energy available
in an effective volume occupied by the solar system
installed in an area and at a certain height. The
amount of solar energy generated is a function of
the collectivity factor and this was found to be in
direct proportion with height. 

5.1 Computation of solar energy in 3D 
and 2D
In this investigation, computation of solar energy in
2D and 3D was made with comparison between the
results obtained on the power (Watts) generated
with the tree-level arrangement (3D) in Figure 4
and power (Watts) generated by its equivalent co-
planer arrangement (2D) in Figure 5 and the data
was made using Matlab program, version R2012b.
Analysis of results is presented according to Figures
6, 7 and 8.

5.2 The 3D configuration of the solar panel 
In order to estimate the effect of height, the solar
panel was configured in 3D and a 10 kW solar array
was assumed for the multilevel fixed structure as
shown in Figure 4. The effective volume dimen-
sions occupied by the tree-level system were
assumed to be f = 3.5; g = 2.5; and h = 3 m. The
index of the real dimensions of the occupied space
by the PV panel n was assumed to be 2.5, the
assumed irradiation I, was 678 W/m2 for the solar
panels installed at a tilted angle of towards South. 

Figure 4: Multilevel panels arranged as a
volume

From Equation 5, the modules of irradiance of
the solar radiation for the 3D and 2D structures
were determined for this location and expressed as
Equation 10:

       Mx = 420 W/m2,  Mx = 292 W/m2 
          and Mx = 302 W/m2                                 (10)

These values were used for modules of irradi-
ance in the Matlab computations as in Equation 11
and associated components. 

       Px-Avg = ghMx = 0.62ghl
       Py-Avg = ƒhMy = 0.62ƒhlSin()                (11)
       Pz-Avg = ƒgMz = 0.62ƒglCos()

5.3 The 2D configuration of the solar panel 
It was assumed that the elevation, for the 2D
arrangement is one-third of the height h, for the 3D
structure. In the 2D arrangement, not all the sides
were present (as shown in Figure 5), hence only the
front and the pop would receive the solar radiation. 

Figure 5: Planar (2D) arrangement of solar
panels

Consequently, for the 2D arrangement the average
total power in Watts was estimated as according to
Equation 12:

       PTot-Avg = Py-Avg + Pz-Avg                          (12)

where:

       Py-Avg = ƒhMy = +0.62ƒhlSin()

       Pz-Avg = ƒgMz = +0.62ƒhlCos()             (13)

       H = 1/3h                                                 (14)

6. Results and discussion
The variables derived for the solar power in equa-
tions 4, 7 and 11 were used to determine generated
powers for the 2D and 3D solar structures for height
variation of 1 to 6 m. The values are presented in
Table 1. The linear appearance of results in Figures
6–7, obtained in 2D and 3D cases was caused by
the effects of other factors such as weather, while
seasonal variations such as cloud and rain and tem-
perature were not considered, for simplification. 

Table 1 shows that, at the height of 1 m, the 2D
and 3D solar structures generated output power of
2.983 kW and 4.714 kW respectively, corroborated
by Figures 6 and 7, while at the height of 6 m, the
2D and 3D generated output power of 4.686 kW
and 15.08 kW respectively, as supported by Figure
8. The percentage increase in the output power
between the 2D and 3D solar structures was from
37% to 69% from the minimum height of 1 m to the
maximum height of 6 m, respectively.
Consequently, power generation in 3D installation
got improved with increasing height.

The existence of a linear relationship between
solar generated energy and the generated output
power substantiated an increase in solar energy
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generated with increasing height. A solar farm with
multiple trees may, however, give different results
because of the shading effect from adjacent trees
hindering the absorption of the reflected rays by the
PV cells, causing a reduction in the generated out-
put power. In order to avoid excessive partial shad-
ing of the elements, the solar trees would need to be
installed with a relatively large spacing. A new set of
equations would therefore be required to accom-
modate these changes (Sampatakos, 2014).

Figure 6: Energy optimisation by area in a

planar system
Figure 7: Energy optimisation by volume in a

3DPV system
Figure 8: Energy optimisation by volume in a

3DPV and by area in a planar system

7. Conclusions
In this investigation, the effects of height on solar
generated energy and power were analysed and
discussed. All other variable parameters, such as
weather conditions and time of the day, were not
considered. The concept of energy-per-unit volume
for solar energy for solar installation with consider-
ation for height was corroborated by the results.
The Module of Irradiance was found to be a simple
and useful tool for establishing the per-unit compo-
nent for the top, front, and the side surfaces of the
irradiance into a unit volume. There was an
enhanced power output with the use of the Module
of Irradiance. The relationship between generated
power by volume for the 3DPV system and the gen-
erated power by area for the planar system was
found to be linear. The power generated by the
3DPV structure over the planar structure increased
by 16%. Consequently, the introduction of height to
solar power installation increases the performance
of the solar device. However, in situations where
more than one tree is used, different results might
be obtained because of the tendency to experience
uneven illumination of solar panels caused by over-
lapping shades of solar cells. This is a different pos-
sible scenario outside this study.
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Abstract
Solar energy is available in an intermittent way, and
integrating an energy storage system with solar
energy collection devices may promote uninterrupt-
ed supply of energy in the absence of the availability
of solar energy. It has been shown that heat can be
stored using rocks packed in a bed, but limited work
has been reported on heat extraction from a
charged rockbed. This paper reports on the heat
extraction from a charged rock bed. Discharging
tests were performed under different air flow condi-
tions and initial bed temperatures. Without the
blower, the discharging rate is very slow. The dis-
charging rate can be increased, and the cooking
time controlled by adjusting the air speed through
the rock-bed system.

Keywords: rock bed storage, heat extraction, air
flow rates, boiling

1. Introduction
Solar energy offers an alternative solution to the
current energy demand from low- to high-tempera-
ture domestic and industrial applications. The con-
version of solar radiation to thermal energy for
direct use is particularly more attractive for both
industrial and domestic heating applications. The
domestic application of solar thermal systems
includes solar water-heating, solar drying, solar
cooking and space-heating systems. Most develop-
ing countries in sub-Saharan Africa are in dire need
of energy for food preparation and yet they are
located within the sunbelt region. Most communi-
ties in the rural villages rely on woodfuel for cook-
ing. The use of solar energy to cook has several
advantages, including: saving rural women and
children from the burden of walking long distances
in search of firewood; improving the health of these
people since they will no longer be as exposed to
the danger of inhaling smoke caused by incomplete
biomass combustion; and reducing the current high
rate of deforestation in most parts of the world.
Substantial research has been reported on solar
cookers [1]–[6], but these solar cookers still need
improvements for them to have a wider acceptance,
since their use is restricted to the sunny periods of
the day. This can be remedied by integrating a ther-
mal energy storage (TES) system for storing energy
during time of availability for later applications.

The use of rock particles to store heat has sever-
al advantages compared to other thermal energy
storage: they are cheap and locally available, the
technology is feasible and the storage containment
design is similar to the conventional cooking oven
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which promotes cooking on the top part of the stor-
age. In addition, rocks have fairly good heat trans-
fer characteristics when used with air at low veloci-
ties and can withstand high temperatures [7], [8].

Studies have shown that heat in the medium-to-
high temperature range (200–400 oC) can be stored
in a bed of rocks [9], [10]. There has, however,
been limited research reported on heat extraction
from a heated rock bed. This paper, investigates
heat extraction from a charged bed of rocks and the
thermal behaviour of the storage during this pro-
cess. Since most food preparation in rural home-
steads in developing countries involves boiling veg-
etables in water (mainly cassava, vegetables, maize
grain, groundnuts, eggs, pumpkins, matooke, sweet
potatoes, etc), and given that these food items do
not take long to cook once the boiling point is
attained [11], the study on heat extraction is limited
to the time it takes to boil a given amount of water.

2. Experimental methods
The rock bed TES was constructed using two verti-
cal co-axial cylinders made from stainless steel. The
diameters of the inner and outer cylinders were 30
and 40 cm respectively. Three thin, parallel, and
reflecting steel foils were inserted in the space
between the cylinders to minimise heat loss by radi-
ation. In attempt to eliminate heat loss to the sur-
roundings, the bed was insulated with additional
layers of fibreglass material, as shown in Figure 1.

The top part of the experimental TES system
reported by Okello et al. was modified as shown in
Figure 2 [9]. The top plate was constructed using an
aluminum plate of thickness 10 mm, and to it were
attached fins made of the same aluminum material,
as seen in Figure 2A. Fins were used to enhance the
heat transfer from air to the top-plate. The simulat-
ed approach described by Chikukwa [12], [13] of
using packed thin copper pins attached to a top
plate was not considered, since the copper pins
were not available. The heat extraction tests were
performed by reversing the airflow direction and,
from our design, it was not possible to recirculate
the airflow. The direction of airflow was reversed by
placing the fan at the bottom of the storage. A hole
was left at the centre of the plate for letting air in
and out during charging and discharging processes,
as depicted in Figures 2A and B. This discharging
procedure allows the thermal stratification of the
storage to be retained and gives a better heat trans-
fer to the cooking pot than by the metallic contact
alone. A 20 litre saucepan containing a known
amount of water was used for the boiling tests. The
change in the temperature of water with time was
recorded by placing a thermocouple in the middle
of the water. The thermocouple tip was bent
upwards to ensure that it did not touch the base of
the saucepan. The variations in axial temperatures
of the TES unit were also recorded.

The schematic layout of thermocouples at differ-
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Figure 1: A rock bed stove showing the cooking pot, data logging and recording systems, top
insulation for covering the top part after cooking, and thermocouples measuring the temperature

inside the cooking pot and that of the rock bed storage as a function of time



ent axial bed height is shown in Figure 3. The top-
most thermocouple T1 was placed 2 cm below the
top surface of rocks. Thermocouple T2 was placed
0.18 m below T1, while the succeeding thermocou-
ples were spaced at equal distances of 0.1 m. The
positioning of thermocouples along the bed was
made possible with the help of a supporting hollow
steel rod. The photograph showing a complete sys-
tem with data logging systems during boiling test is
shown in Figure 1. The thermocouples were con-
nected to an NI CompactPoint DAQ (data aquisi-
tion system) that was interfaced with the computer
through an RS-232 cable. A LabView program was
developed to read and record temperatures every
minute. The minute data was displayed on the
screen, making it possible to monitor the tempera-
ture dynamics at different levels of the bed during
the experiment. The uncertainty in the measured
temperature is estimated at ±1 . The thermocouple
T7 was not working and was not considered.

The discharging tests were performed under

condition of no airflow and under constant and
varying airflow rate conditions while monitoring the
temperature profiles along the bed length. Known
volumes of water were placed in turns and the times
taken for each to begin boiling were recorded.

3. Results and discussion
3.1 Constant flow rates
The cooking test on top of a rock bed heat storage
was performed by considering the time it takes to
bring a known volume of water to boiling point.
Figure 4 shows both the temperature of water dur-
ing the boiling test and the temperature profiles
along the rock-bed storage. With a constant airflow
rate of 4.95 x 10-3 kg/s, the variation in the temper-
ature of water was observed and recorded. The
boiling test started with 12 litres of water and this
was followed by adding one litre of water each time
the boiling point was reached. The points where
water was added are seen as zigzags in the heating
curve for water and are marked by A1 to A6. In total,
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B: Top part used (cooking plate)

D: Water boiling on cooking plateC: Water in saucepan on cooking plate

A: Top plate with fins attached

Figure 2: The design and construction of the top plate (A and B), and the complete rock bed
storage unit during the cooking test (C); D shows a water boiling test on a rock stove



18 litres of water could be boiled in about 2 hours.
It took 53 minutes to bring to boiling 12 litres of
water from an initial temperature of 19.2 . One litre
of water was added each time the water in the
saucepan began to boil. A1 and A2 took about 7
minutes each to begin boiling; A3 and A4 took 8 and
9 minutes respectively; A5 took 12 minutes to begin
boiling; while A6 took 18 minutes to reach a con-
stant maximum temperature of 98 . At this point,
most sections of the bed were at temperatures
below 100  and the experiment was stopped.

The temperature distribution as a function of
bed length during the cooking test is shown in 
Figure 5. Separations between temperature profiles
after every 30 minutes are the same for a constant
airflow rate discharging method.

3.2 Varying air flow rates
In this test, the bed was charged with a hot-air blow-
er to almost uniform temperature at 350  and left to
stabilise for about 30 minutes. The boiling times
were then tested under the conditions of no airflow
and varying airflow rates. In Figure 6, the boiling
test was carried out by first putting three litres of
water in a saucepan on the top plate of the rock bed
stove but without initiating air flow. The test started
with temperature at the topmost part of the bed (T1
) initially at 320  which had dropped to 215  after
112 minutes. The temperature of the water in the
saucepan rose from 19.8  to 85.5  in same time
period. The temperature of water was observed to
increase faster in the first 40 minutes from 19.8 to
77.5 , but for the next 72 minutes, a very slow rise
in temperature was observed, with the thermocou-
ples registering only 8  change. The airflow was
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Figure 3: The schematic of the rock bed system
with the top (hot) plate installed, outlining the
layout of thermocouples along the bed height

Figure 4: The temperature for water and the temperature profiles along the rock bed TES during the
discharging process with a constant air flow rate of 4.95x10-3 kg/s. A1-6 indicates points when a litre

of water was added to the already boiling water in the cooking pot.



then initiated by turning on the fan, with the airflow
speed set to 2.2 10-3 kg/s. Cold air is blown into
the storage at the bottom and hot air exits through
the hole at the top plate, under the cooking pot.
The temperature of the water immediately started
to rise and it boiled after 28 minutes. The tempera-
ture of rocks at the upper section of the bed (T1)
started to rise immediately after the fan was
switched on at a point marked by FR1 in Figure 6.
A litre of water at a temperature of 19.8  was then
added, with the airflow speed kept constant, and it
boiled in 25 minutes.

The flow speed was then increased to 3.3 10-3

kg/s; it was observed to boil a litre of water in 10, 7

and 6 minutes respectively. The points where units
of one litre of water were added, with the flow rate
changed at point FR2 to 3.3 10-3 kg/s, are marked
by A2, A3 and A4 on the heating curve for water in
Figure 6. In this case, the heating rate is observed to
increase with time since the topmost part of the bed
was at a lower temperature than its innermost sec-
tions.

After the boiling test was completed, the top
plate was covered with the well-designed top insu-
lation cover shown in Figure 1, and and bed was
left for 13 hours. The temperature profiles showing
the thermal behaviour within the bed are shown in
Figure 7. The higher temperature at the top is
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Figure 5: Temperature profiles along the bed during cooking test with a 
constant air flow rate of 4.95 x 10-3 kg/s

Figure 6: The heating rate of water and temperature profiles along the rock bed TES 
system for different airflow conditions. FR1 and FR2 indicate points when airflow rates 

were changed to 2.2 × 10-3 kg/s and 3.3 × 10-3 kg/s respectively, while A1-4 indicates points 
where litres of water were added.



observed to drop as the bed approaches thermal
equilibriation.

3.3 Tests on a de-stratified rock bed TES
The boiling test was again performed after the bed
was left to equilibriate for 13 hours. Figure 8 shows
the temperature profiles exhibited by both water
and the rock bed TES system during discharging.
The test was started by heating 7 litres of water with
a constant airflow rate of 4.9 10-3 kg/s and it
boiled in 50 minutes. The water was then changed
and another 3 litres of water were again poured in
the saucepan and the airflow rate was reduced to
2.9 10-3 kg/s; it took 44 minutes for it to reach

boiling temperature. This was replaced with another
3 litres of water and the air flow rate was reduced
further to 0.98 10-3 kg/s. The water was observed
to heat up to constant temperature of about 86 in
about 2 hours. At this point, the airflow rate was
increased to 4.9x10-3 kg/s, and boiling occurred in
10 minutes. When the pan contents were replaced
by another 3 litres of water and the airflow rate
increased further to 5.6x10-3 kg/s, the water could
reach only 86 . At this point all sections of the rock
bed TES were at temperatures below 100 , as
shown by the bed thermal profiles. These tests show
that it is possible to extract heat from a charged
rockbed storage by simply reversing the airflow
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Figure 7: Thermal dynamics of an air-rockbed TES system during storage time

Figure 8: Heating rate of water and temperature profiles along the rock bed TES 
system for different airflow conditions. Zigzag points in the heating curve for water 
indicate points when the water was changed. The change in airflow rate is seen by  

changed temperature profiles along the bed.



direction, and the extraction rates can be varied by
simply adjusting the airflow speed.

The temperature profile exhibited in the rock
bed TES with varying discharging air flow rates dur-
ing this boiling test is shown in Figure 9. The effects
of varying airflow rates on the temperature profiles
of a TES unit plotted after every 30 minutes are
seen from the separations between the curves. The
curves are closer with slow airflow discharge rate
and vice versa.

4. Conclusions
Discharging tests were performed by blowing air
into the bottom of a heated rock bed storage under
different airflow conditions. A cooking pot with
water was placed on top of the heat storage, cover-
ing the opening for the hot exit air. The results for
constant airflow rate discharging showed a higher
rate of energy extraction in a well-stratified bed at
the beginning, which then falls off with time.
Without the blower, the discharging rate is very
slow. The discharge rate can be increased, and the
cooking time controlled by adjusting the air speed
through the rock bed system. The method of dis-
charging with varying airflow rates seems beneficial
to most cooking practices since the rate can be
adjusted according to the requirements of the
preparation of particular foods.
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Abstract
South African municipalities are faced with the chal-
lenges of growing demand for services. This study
models the energy consumption estimation practice
within the Durban municipal area. It was found that
an estimation technique that accounts for the sea-
sonal and monthly effects, as well as residential
type, predicts monthly individual household elec-
tricity consumption with minimum error. Models
that were developed may be used to estimate elec-
tricity consumption for household billings within a
municipality.

Key words: electricity consumption, mixed models,
municipalities, billing

1. Background
The eThekwini municipality, which includes the city
of Durban, is situated on the East Coast of South
Africa, within the province of KwaZulu-Natal. It
covers a land area of approximately 2000 km2, with
a population of 3.4 million. The licensed distributor
of electricity to the municipality, eThekwini Elec-
tricity supplies 655 338 households with electricity,
approximately half of which are prepaid customers
and half are credit customers. All credit customers
have an electricity meter on their property. Ideally,
credit customers are charged monthly for the
amount of electricity they consumed during the pre-
vious month, but for technical and personnel rea-
sons, electricity meter readings are taken at three-
month intervals. If the data collector has no access
to the meter, the reading is done in the following
three-month visit, and, if again the meter is not
accessible during that visit, the next reading reads
for the last nine months’ consumption, and so on.
In the meantime, however, the household is obliged
to pay the estimated consumption charges and only
upon the actual reading are the estimated billings
adjusted backwards, with any difference then cred-
ited or debited to the household in the following
month’s billing. Whenever the actual reading is
available, the credit or debit accrued from the pre-
vious estimates, plus the new measured consump-
tion for that month, will be billed. In other words,
the actual consumption values are used to adjust
the previous estimates and predict monthly house-
hold consumption values for the months until the
next reading. 

Household electricity consumption is estimated
by eThekwini Electricity by means of a cumulative
total of weighted previous actual usages, whereby
the most recent consumptions carry the highest
weightings, while weights of older consumptions
decrease in a geometric progression. The method
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may be expressed in terms of Equation 1:

      (1)

where n is the total number of actual measurements
that each household has; E(y) represents the
expected electricity usage, and lagk represents the
kth lagged actual consumption value converted per
month. 

The lag1 carries a weight of 0.5, lag2 carries a
weight of 0.25, lag3 carries a weight of 0.125 and
lag4 carries a weight of 0.0625, etc. Once these
weighted lags are summed, it becomes evident that
the bulk of the estimate for current electricity usage
comes from the first four lags that a household has.
This customary estimation method clearly does not
allow for any seasonal or cyclical trends in con-
sumption, nor does it take into account individual
household electricity consumption variability and
patterns.

Little research has been done, in either South
Africa or other developing countries, to find models
that will assist utilities to better predict monthly
household electricity consumption. A primary focus
of local research has been the national aggregate
electricity demand and the examination of factors
likely to influence it. In the 1980s, Pouris (1987)
used annual data and an unconstrained distributed
lag model to estimate long-run price elasticity of the
aggregate electricity demand. More recently, Inglesi
(2010) specified variables that could be used to
explain aggregate electricity demand in South
Africa, and determined that a long-run relationship
exists between electricity consumption, electricity
price and economic growth. Sigauke and Chikobvu
(2011) captured the effect of various short-term
demand-influencing factors such as days of the
week and temperature, by developing a combina-
tion regression-SARIMA-GARCH model to predict
daily peak aggregate electricity demand. Further to
their 2011 study, Chikobvu & Sigauke (2013) then
employed a piecewise linear regression model and
applied extreme value theory to model the influ-
ence of temperature on South Africa’s daily average
electricity demand.

Following a model similar to that of Pouris
(1987), Ziramba (2008) examined electricity
demand as a function of gross domestic product
(GDP) per capita and electricity price in the South
African residential sector. Ziramba found that, in the
long run, income was the main factor that deter-
mined residential electricity demand, while the price
of electricity was insignificant. Similar studies where
residential electricity demand has been modelled as
a function of GDP per capita, price and other fac-
tors, have been carried out in Australia, the United
States, Sri Lanka  and Taiwan. In addition to studies

where the focus has been price elasticity or forecast-
ing electricity demand, research has also gone into
other factors affecting electricity consumption. Firth
et al. (2008) identified trends between electricity
consumption and appliance usage. Marvuglia and
Messineo (2012) used artificial neural networks for
short-term electricity forecasting in Italy and
focused on how the use of air-conditioning affected
electricity consumption. Yohanis et al. (2008) car-
ried out a comprehensive study in Northern Ireland
on the patterns of electricity consumption of 27
households, taking into account a wide range of
household factors such as dwelling type, location,
dwelling size, household appliances, attributes of
the occupants and income. They found that each
factor had an impact on electricity consumption.

Aside from the small study of 27 households by
Yohanis et al. (2008), the problem with studies such
as those cited is that they are not able to describe
electricity consumption at the level of the individual
household. Though such studies are useful to esti-
mate national residential electricity usage, the main
challenge in South Africa is service delivery at the
municipal and ward levels. The present study there-
fore initiates and motivates further research on esti-
mating the electricity consumption of a typical
household in a given municipality in South Africa.
The customary practice in estimating present elec-
tricity consumption is based on prior consumptions
only. Intuitively, prior consumption should serve as
a good estimate for current consumption, but the
challenge lies in how to best weight these prior con-
sumption values so as to ensure accurate estimates.
This study investigates how to weight prior con-
sumption values in estimate current electricity con-
sumption. A further aim is to ascertain whether all
available lags for a household are important or not,
and if there is any seasonal pattern in household
consumption. The study differs from the literature
cited in that the main focus is at a household level,
as opposed to modelling and predicting consump-
tion for the entire residential sector. The traditional
time series and econometric modelling approaches
are replaced by an applied statistical approach. 

2. Data description
Data for this study was provided by eThekwini
Electricity, from meter readings perpetually carried
out at three-month intervals amongst credit cus-
tomers. Meter readings, reading dates and actual
consumption values are all stored on the municipal-
ity’s database for combined online information sys-
tems. Other data that are stored include electrical
connection identifiers, property identifiers and
dwelling-type classifications. Dwellings are classified
into three types: houses, share blocks that are one
or two storeys high (e.g. simplex or duplex), and
share blocks of more than two storeys (e.g. blocks of
flats). This classification information was supplied
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by eThekwini Electricity, as well as meter-reading
data for the five-year period 2008–2013. For this
study individual electricity consumers were identi-
fied by their electrical connection identification, and
are referred to as households. Additional informa-
tion, such as month of meter reading and length of
usage periods (defined as the time, in days,
between two consecutive meter readings), was also
extracted from the data provided. 

The original data set received from eThekwini
Electricity was large, containing information for
approximately 300 000 households, along with
three-monthly consumption values for each house-
hold. Computing power required for processing
such large data exceeded the available computing
facilities at the University of KwaZulu-Natal, but, as
the main focus was modelling electricity consump-
tion so as to enable future prediction, using a ran-
domly selected sample was sufficient. A sampling
frame was specified so as to ensure that only house-
holds with regular meter readings at three-month
intervals were considered and that each dwelling
type was represented. Accordingly, a sample of
1 478 households was randomly selected from the
data set. Electricity consumption was modelled for
the sampled data, demonstrating effective methods
that could be implemented on a larger scale (with
the necessary computing capacity). A focal point of
this study was to investigate the presence of a sea-
sonal effect so as to enable better modelling of elec-
tricity usage. The starting point was, therefore,
examining a simple profile plot of a few randomly
selected households from the sample.

Figure 1 shows that household electricity con-
sumption is a constant function with dominant indi-
vidual variability. Moreover, this individual variabil-
ity also shows some systematic cyclic seasonality,
which can be accounted for by month-to-month

variation. An overall seasonal pattern is, however,
difficult to distinguish by simply studying the profile
plot. Possible reasons for the obscured seasonality
could be that there are both different dwelling types
and different measurement batches that exist but
are not accounted for in Figure 1. A measurement
batch is a particular measurement pattern of three-
month intervals that each household follows. For
example, if a meter is read in January, subsequent
readings will always be done in (approximately)
April, July and October, then cycle back into
January. As meter readings are carried out in inter-
vals of three months, there are only three measure-
ment batches: Batch 1: January, April, July, Oct-
ober; Batch 2: February, May, August, November;
Batch 3: March, June, September, December. In
order to better understand factors affecting monthly
electricity consumption and any seasonal trends
within it, the research proceeded by studying profile
plots by dwelling type and measurement batch.

Figure 2 shows a clear difference between the
consumption patterns of the three dwelling types,
with houses having the highest electricity usage.
Although a clearer systematic cyclical pattern in the
prior consumption values is observed in Figure 2, it
is still difficult to identify an overall seasonal trend,
probably because, within each dwelling type,
households may be further classified into the differ-
ent measurement batches. Moreover, minor varia-
tions within each batch arise due to eThekwini
Electricity following a measurement system of 90
days as opposed to calendar months, as well as fac-
tors such as local elections or holidays also leading
meter readings to be postponed or brought for-
ward. Although this study was most concerned to
model seasonal effects within each household, and
not reading-batch variability, it is acknowledged
that these batch variations may cause the obscured
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Figure 1: Profile plot of monthly electricity consumption for randomly selected households



41 Journal of Energy in Southern Africa  •  Vol 27 No 2 • May 2016

Figure 2: Profile plot by dwelling type and reading order

(b)

Figure 3: Batch profiles for (a) number of households (b) average consumption (kWh)

(a)



seasonal pattern. A simple way of demonstrating
this is to study the batch profiles given in Figure 3,
which show the number of households and average
consumption by month for the five-year period.

Figures 3(a) and 3(b) show that there is individ-
ual batch variability present in both the consump-
tion values and number of households. Figure 3(a)
clearly shows three distinct measurement patterns
and evidence that meter-readings follow periods of
more-or-less three months. Batch 3 appears to have
the most number of households, followed by batch
2 and then batch 1. A possible reason for this vari-
ation could be that some batches come from more
densely populated areas than others, resulting in
more meter-readings. From Figure 3(b) it can be
observed that, within each batch, some form of
monthly effect is taking place, as some months
show higher consumption values than others. An
overall monthly pattern is difficult to determine in
Figure 3(b), however, possibly due to each reading-
batch having its actual consumption values record-
ed at different times. To better understand the
month effect, a profile plot of the average electricity
consumption of the reading-batches by month over
the five-year period was examined; the plot is dis-
played in Figure 4.

The plot shows that higher electricity consump-
tion values generally occur in July, August and
September. Given, however, that meters are read at
three-month intervals, the consumption values for
the months in Figure 4 also refer to consumption
values of approximately two months prior to the
month of meter reading. In the 90-day interval, the
‘middle’ month is the month where the monthly
consumption could be deduced. From this under-
standing it can be seen that the months of high con-
sumption reading, July, August and September, in
fact refer to an approximate median June-August
period of higher electricity usage. It is necessary to
be vigilant with regard to metre-reading months and
actual consumption months. The reading month is

given, so the inference should be the consumption
pattern of two months earlier. Conscious of this, it is
essential to examine the two sources of the cyclical
seasonal effect. The first element is the monthly sea-
sonal effect observed in Figure 4, whereby the win-
ter months gave evidence of increased electricity
consumption. The second possible element is auto-
correlation within each household’s annual electric-
ity consumption values. 

In order to further investigate the presence of
autocorrelation, another profile plot was examined,
this time averaged over each household by reading
order, given in Figure 5. From the graph, it can be
noted that some form of autoregressive process is
taking place. The consumption values at t=0, 4, 8,12 and 20 are similar. The same pattern is observed
at t=2, 6, 10, 14 and 18. Since there are three
months between consecutive meter-readings, after
four meter readings 12 months have passed. Like-
wise, after eight readings, it can be assumed that 24
months have passed; after 12 readings 36 months
have passed, and so on. One way to account for
such an autoregressive pattern in the data is to
include some lagged values in a linear model . The
current study employed a linear mixed modelling
approach which is well-suited to handling repeated
measures and accounts for variations both between
and within households. Using linear mixed models
(LMMs) allows modelling of both the month-to-
month seasonality as well as the repetitive pattern
occurring in prior consumption values. Moreover,
mixed models are flexible, allowing for the both
temporal and spatial variations to be modelled. 

3. Methodology
Laird and Ware (1982) were the first to illustrate the
use of LMMs in longitudinal data analysis.
Subsequently, many researchers have used both
LMMs and generalised LMMs (GLMMs) to model
repeated measures data. The GLMM is the gener-
alised form of the LMM, whereby the response vari-
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Figure 4: Average reading-batch electricity consumption by month



able may come from a variety of distributions, pro-
vided the distribution is a member of the exponen-
tial family . The general form of a linear mixed
model, adapted for repeated measures data, is
given by Equation 2.

       yi = Xi + Zibi + ei                                                   (2)

where yi = (yi1, yi2, …, yin )', if yij represents the
response of the ith individual measured at time tij for
i = 1, … , N and j = 1, … , ni; Xi is an (ni  p)
matrix of known covariates associated with the
fixed effects;  is a (p  1) vector of unknown
regression parameters representing the fixed effects;
Zi is an (ni  q) design matrix associated with the
random effects; bi is a (q  1) vector of random
effects, representing the random subject-specific
effects, such that bi ~ N(0, G) where G is block
diagonal with the ith block being si2 Iqi; ei is an (ni 
1) vector of residual components where it is
assumed ei ~ N(0, R) and R is positive definite.
Furthermore, it is assumed that bi and ei are inde-
pendent. Different variance-covariance structures
may be fitted to R, allowing us to model both spatial
or temporal variance and correlation. In the GLMM,
the conditional expectation of y is related to a linear
predictor () by means of a monotonic differen-
tiable link function g(.). The general form of such a
GLMM for repeated measures data is given by
Equation (3).

       g(E(yi|bi)) = i = Xi  + Zibi                              (3)

where i represents the linear predictor of the ith
individual and g(.) the link function that links the
conditional mean, E(yi|bi) to the linear predictor.

There are essentially three aspects to consider
when specifying and fitting a GLMM to the electric-
ity data: the specifications of the covariates in the

model, the selection of the best suited covariance
structure, and the selection of the distribution that
best fits the response variable. To begin the mod-
elling process current electricity consumption is ini-
tially assumed to be normally distributed. That is, it
is first established which covariates to include and
what covariance structure to fit, then a search is
made for the distribution best suited for the electric-
ity data. Having already established that dwelling
type, month of meter reading and prior consump-
tion values in some way affect current electricity
usage, a marginal linear regression model is tenta-
tively fitted, where current household electricity
consumption is modelled as a function of all of
these factors. As meters are read at three-month
intervals, each household can be expected to have
a minimum of 20 measurement occasions for the
five-year period. Therefore, each household can be
expected to have a minimum of 19 lagged values.
To determine whether or not it is necessary to retain
all 19 lags in the model, their significance and coef-
ficient values are studied. These values are dis-
played in Table 1.

Table 1 shows that all the lags except for lags 9
and 11 are significant at a 5% level of significance.
However, despite the significance of lags 13 to 19,
upon closer examination of their coefficients it can
be noted that these lags have, in fact, little overall
effect on current household electricity consumption.
That is, the coefficients of lags 13 to 19 contribute
little, due to the positive coefficients of lags 14, 16,
and 19 and the negative coefficients of lags 13, 15,
17 and 18 almost cancelling each other out. This
shows that there is little value in retaining more than
12 lagged values in the regression model. Hence, in
the interests of parsimony, the modelling process is
continued using only 12 lags in the model, which is
equivalent to a household’s three-year electricity
consumption cycle. In addition to the 12 lags, the
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Figure 5: Average household electricity consumption by reading order
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month of the most recent meter reading and
dwelling type in the linear model are retained. By
including both lags and month of meter reading in
the model, two different factors can be analysed.
The inclusion of the month of meter reading
enables the taking into account of months that may
have higher or lower electricity consumption than
others. Lags allow for the incorporation and assess-
ment of the cyclical seasonal pattern observed with-
in household electricity usage. Using month of read-
ing, dwelling type and 12 lagged values, the follow-
ing linear model is specified, noting that two
dummy variables have been created for dwelling
type and eleven dummy variables for the month of
meter reading according to Equation 4.

    (4)

where g(.) is the link function, E(yij) is the expected
response of the ith household, i = 1, … , 1478 at timej = 1, 2, … , ni, where ni is the number of actual read-
ings for household i;  ai0 represents a household-
specific random intercept; and hij is the linear pre-
dictor. As the data is initially assumed to be 
normally distributed, a normal distribution is speci-
fied and the identity link function is used. By includ-
ing a household-specific random intercept, the vari-
ability of different households within the variance
components can be accounted for. 

Following model specification, the next focus is
on modelling within-household temporal variations.
Several temporal covariance structures are fitted to
the model, namely unstructured (UN), compound
symmetric (CS), first-order autoregressive (AR(1)),
autoregressive moving-average of order one
(ARMA(1,1)), first-order ante-dependance (ANTE(1))
and Toeplitz (Toep). To determine the best-suited
structure, several factors are considered: the Akaike
information criteria (AIC), the number of parame-

ters that require estimating and the convergence
status of the model. Ideally, the structure selected
converges successfully, has a small AIC value and
only a few parameters. Amongst the fitted struc-
tures, Toep and ANTE(1) failed to converge suc-
cessfully, so were discarded as viable structures.
Table 2 displays the fit statistics of the structures that
converged to a solution.

Table 2: Fit statistics for selected covariance
structures

Covariance Iterations AIC BIC
structure

UN 4 182 924.3 183 279.2

CS 3 184 957.9 184 973.8

AR(1) 2 184 896.9 184 912.7

ARMA(1,1) 6 184 286.0 184 307.2

Table 2 shows that the unstructured model ren-
ders the smallest AIC value, but it is discounted as
unviable, because it also has the highest number of
parameters that require estimating. Following the
unstructured form, the next best model is the
ARMA(1,1) structure. Not only does this model
have the second smallest AIC value, but it also has
only three parameters that require estimating. The
ARMA(1, 1) structure is therefore selected as the
best-suited covariance structure. Having now mod-
elled within-household temporal variation by
means of selecting a covariance structure, the third
and final aspect of specifying a GLMM for the elec-
tricity data is undertaken: searching for the distribu-
tion most appropriate for the electricity data. To do
so, a variety of link functions are considered, and
five distributions that belong to the exponential
family, namely the normal, namma, lognormal,
inverse Gaussian and exponential distributions.
Only two converged to solutions: the normal distri-
bution (AIC=184306.1) and the Lognormal distri-
bution (AIC=3815.57), both with the identity link.
However, according to the smaller-is-better Akaike
information criteria, the lognormal distribution is
clearly to be favoured over the normal distribution.
Further support for choosing the lognormal distri-
bution is that it is a distribution that naturally only
takes non-negative values, making it compatible

44 Journal of Energy in Southern Africa •  Vol 27 No 2 • May 2016

Table 1: Coefficients and p-values of the 19 lags

Lag Estimate p-values Lag Estimate p-values Lag Estimate p-values

1 0.4386 <0.0001 8 0.1309 <0.0001 15 -0.05653 0.0049

2 0.2230 <0.0001 9 -0.01415 0.3798 16 0.1873 <0.0001

3 0.06617 0.0001 10 -0.1098 <0.0001 17 -0.1367 <0.0001

4 0.1685 <0.0001 11 0.004017 0.7813 18 -0.1454 <0.0001

5 -0.1026 <0.0001 12 0.1882 <0.0001 19 0.05585 <0.0001

6 -0.06780 0.0001 13 -0.03844 0.0153

7 0.07944 <0.0001 14 0.1119 <0.0001



with electricity consumption data which can also
only take on non-negative values. Nevertheless,
despite the compatibility of the lognormal distribu-
tion, it is still necessary and important to assess the
goodness of the underlying distribution assump-
tions. To do so, both the scatter and probability
plots of the conditional studentised residuals are
examined (Zewotir and Galpin, 2004). These plots
are depicted in Figures 6 and 7(a).

For the majority of cases in the scatter plot of
Figure 6, an evident random scattering about zero
is obvious. This supports the non-existence of any
systematic pattern not accounted for by the model.
It is also noteworthy, however, that several cases
drift away from zero but, given that such cases are
few in relation to the large data, these points can be
classified as outliers. From the Q-Q plot in Figure
7(a), it is clear that most of the points lie approxi-
mately on the straight line, favouring the goodness
of the lognormal distribution. The tails that depart
from the line are due to a few outlying households
in the data. Based on the plots in Figures 6 and
7(a), it can be comfortably concluded that both the
distributional and linearity assumptions have been
adequately satisfied, except for a few outliers. In
repeated measures data analysis it is necessary to
ascertain whether or not outlying subjects are influ-
encing the model fit and, more specifically, if they
are exhibiting influence in the covariance parameter
estimates (see Zewotir & Galpin, 2006; Zewotir ,
2008). If an outlying subject is identified as being
influential it should be removed from the data, and
any inferences ought to be based on the reduced-
data model. Such identified subjects must, however,
undergo scrutiny in order to determine any case
anomalies. The case outliers in Figures 6 and 7(a)

belong to households 202 and 1205, and their
effect can be examined by running the full-data
model and comparing it to subsequent reduced-
data models. Influence is measured by the amount
of change in covariance parameter estimates, as
well as the observed effect on the AIC values and
reduced-data Q-Q plots. Both the reduced and full
data probability plots are shown in Figure 7, along
with the AIC values.

Figure 7 shows that the individual removal of
households 202 and 1205 and the simultaneous
removal of both result in smaller AIC values.
Although suggesting an improved model fit, this
alone does not suggest influence, as a reduction in
AIC values could be expected when outliers are
removed. It is therefore necessary to examine the
Q-Q plots and change in covariance parameters.
From the near-identical plots in Figures 7(a) and
7(c), it is clear that household 1205 is not effecting
influence, as little change is observed upon its
removal. Figures 7(b) and 7(d) show that the
removal of household 202 results in more model
outliers, showing this household is better left in the
model. Final evidence of the lack of effect that the
removal of these outlying households have is found
in the resulting covariance parameter estimates.
From the tables within Figure 6, upon removal of
households 202 and 1205, it is clear that there are
only negligible changes in the covariance parameter
estimates. The lack of significant differences in the
parameter estimates, as well as the evidence por-
trayed in the Q-Q plots, shows conclusively that
households 202 and 1205 are not influential and
are merely model outliers. The data reveal a possi-
ble reason for them showing up as outliers: both
have consecutive usage periods where electricity
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Figure 6: Scatter plot of conditional studentised residuals



consumption is very low, compared to the majority
of consumption values in other usage periods for
the same households. Having confirmed that
households 202 and 1205 are non-influential out-
liers, they are retained in the model. The conclusion
is that, when considering temporal variations within
the electricity data, a full-data GLMM fitted to the
lognormal distribution that uses an ARMA(1,1)
covariance structure and includes a household-spe-
cific random intercept is the best-suited model.

Before proceeding with model inference and
predictions, however, it should be noted that the
current GLMM does not take into account that the
number of days in each measurement period varies
slightly. Despite carefully selecting the sample data
to ensure approximately evenly spaced measure-
ment occasions, a small amount of variation is
inevitable. While the variation is negligible enough
to still use methods for evenly spaced data, the
small variations may result in the parameter esti-
mates no longer being efficient. A possible solution
to this problem is to add weights to the estimation
procedure. Accordingly, previous estimates are
weighted by the length of time (in days) of an
approximate monthly measurement period. Upon

adding weights, an improved model fit is observed,
by which the AIC value was reduced from 3815.57
in the unweighted model to 3781.15 in the weight-
ed model. The weighted GLMM is therefore taken
as the final model from which to make inferences.

4. Results
The main inferences are derived from studying the
parameter estimates of the fixed effects. The type III
test results for the null hypotheses  show that, at a
5% level of significance, both hypotheses will be
rejected, as both tests render p-values smaller than
0.0001. This indicates that at least one dwelling
type and one month are significant to the model
and that their individual estimates should be exam-
ined along with the lags. All fixed effect estimates
are displayed in Table 3.

The first observation to be made from Table 3 is
the size and significance of the model intercept,
which indicates that not only is a starting value uni-
versal to all households necessary but also shows
how a household-specific random intercept is likely
to improve the model’s prediction capabilities for
individual households. Next, the estimates for the
various dwelling type classifications are examined.
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Figure 7: Q-Q plots of conditional studentised residuals, AIC values and covariance parameters
when: (a) no households are removed (full-data model); (b) household 202 is removed; (c)

household 1205 is removed; (d) both households are removed



Using share-blocks of not more than two storeys as
the reference category, it is shown that houses have
a parameter estimate of 0.3831 while such share-
blocks have a smaller parameter estimate of
0.1794. This agrees with what was first observed in
Figure 2, distinctly showing that, of the three possi-
ble dwelling types, households falling under the
classification of ‘house’ have a higher electricity
consumption than those under the classification of
‘share blocks of not more storeys’, provided the ref-
erence category remains the same.

The parameter estimates for the months that
meters are read in are examined next. Table 3
shows that February, April, May, June and
September are significant at a 5% level of signifi-
cance. Of these months, relative to December, the
months May and September are highly significant
(having p-values of <0.0001) in the model. Of all
the months, September has the highest positive
parameter estimate of 0.06815, while May has the

highest negative coefficient of -0.05540. This sug-
gests that September is likely to see a rise in electric-
ity consumption, while May is likely to see a
decrease, compared to the reference month,
December. The meter-reading procedure of three-
month intervals and the concept of electricity con-
sumption for a median month (referring to an
approximate midpoint between consecutive meter
readings) is invoked, to give an understanding that,
for May and the two months preceding it, the medi-
an month would be April, while for September and
two months preceding it the median month would
be August. It can be deduced that median month
April will likely see a decrease in electricity usage,
while median month August will likely see higher
electricity consumption. However, this inference
depends on the reference month (December)
remaining the same and on the concept of a medi-
an month being approximate, as it depends on
where in the month meters are read. Increased elec-
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Table 3: Solutions for the fixed effects

Effect Weighted estimate Standard error DF t value p-values

Intercept 5.5425 0.02705 1473 204.93 <0.0001

House 0.3831 0.03428 13303 11.18 <0.0001

Shareblocks ≤ 2 storeys 0.1794 0.03413 13303 5.26 <0.0001

Shareblocks > 2 storeys 0 . . . .

January -0.02385 0.02004 13303 -1.19 0.2340

February -0.04305 0.01255 13303 -3.43 0.0006

March -0.01115 0.006450 13303 -1.73 0.0840

April -0.04037 0.02058 13303 -1.96 0.0499

May -0.05540 0.01219 13303 -4.54 <0.0001

June 0.01665 0.006816 13303 2.44 0.0146

July -0.01354 0.02080 13303 -0.65 0.5150

August 0.01697 0.01244 13303 1.36 0.1726

September 0.06815 0.006820 13303 9.99 <0.0001

October 0.03686 0.02097 13303 1.76 0.0788

November -0.01162 0.01323 13303 -0.88 0.3798

December 0 . . . .

Lag1 0.000044 0.000016 13303 2.84 0.0045

Lag2 0.000081 0.000014 13303 5.76 <0.0001

Lag3 0.000025 0.000014 13303 1.76 0.0786

Lag4 0.000202 0.000014 13303 14.74 <0.0001

Lag5 -0.00002 0.000012 13303 -1.67 0.0940

Lag6 -0.00004 0.000013 13303 -3.50 0.0005

Lag7 1.578E-6 0.000014 13303 0.12 0.9081

Lag8 0.000120 0.000014 13303 8.54 <0.0001

Lag9 -0.00002 0.000014 13303 -1.80 0.0717

Lag10 0.000012 0.000013 13303 0.90 0.3679

Lag11 1.841E-6 0.000013 13303 0.14 0.8892

Lag12 0.000203 0.000014 13303 14.49 <0.0001



tricity consumption in August agrees with the origi-
nal observation from Figure 4 that winter months
are periods of higher electricity consumption. The
model provided further insight into this aspect of
the seasonality by also showing periods of lower
consumption.

The last of the fixed effect estimates examined
are those of the lags. Table 3 shows that lags 1, 2,
4, 6, 8 and 12 are all significant at a 5% level of sig-
nificance. Of these lags, however, 1, 2, 4, 8 and 12
have the largest coefficient estimates. The fact that
lags 1 and 2 have high estimates indicates that the
two most recent consumption values are important.
The large coefficients of lags 4, 8 and 12 show that
a cyclical seasonal effect is present, as they corre-
spond respectively to 12, 24 and 36 months prior to
current electricity consumption. Thus, by including
lags in the linear model this aspect of the seasonal
pattern can be accounted for. Following the fixed
effects, the covariance parameter estimates are
briefly examined, recalling that to model temporal
variance an ARMA(1,1) structure was fitted, and, to
enable better prediction for individual properties, a
random household-specific intercept was included.
The estimates are displayed in Table 4. 

Table 4: Covariance parameter estimates

Covariance parameter Weighted estimate Pr Z

Intercept 0.2607 <0.0001

r 0.6506 <0.0001

g 0.5306 <0.0001

Residual 2.3799 <0.0001

From the ARMA(1,1) structure it can be seen
that lag1 correlation is constant, with the corre-
sponding covariance function being estimated by
(0.2607)+(2.3799)(0.5306), where the household-
specific intercept is accounted for by 0.2607.
Subsequent (lag2 and onwards) correlations
decrease with the amount of time that passes
between measurement occasions; that is, the
covariance becomes a function of the lag and is est-
imated by (0.2607)+(2.3799)(0.5306)(0.6506)lag. 

5. Conclusion
This study used generalised linear mixed models to
model electricity consumption of a typical house-
hold in eThekwini municipality. The Lognormal dis-
tribution was found to be best suited to model the
electricity data and an ARMA(1,1) model was well
suited to modelling within-household temporal vari-
ability. A key interest in this study was to investigate
the presence of a seasonal effect in household elec-
tricity consumption. Initial data exploration suggest-
ed some form of seasonality was present, but it was
difficult to distinguish. Further scrutiny of a variety
of time plots suggested that there were two elements
to the observed cyclical seasonal pattern: a monthly

effect and a 12-month form of autocorrelation. To
account for both aspects of the seasonality the most
recent month of meter reading and 12 prior con-
sumption values in the linear model were included.
The inclusion of 12 prior values equated to includ-
ing a household’s three-year cycle of electricity con-
sumption values. Dwelling type and a household-
specific random intercept were also included in the
linear model. The addition of a household-specific
intercept improved the model’s overall predictive
capabilities, as it allowed for the capturing of some
of the between-household variability.

To illustrate the effectiveness of the fitted model,
predictions made using both the weighted GLMM
and customary eThekwini Electricity estimation
method were compared to actual monthly values.
For the comparison 50 households were randomly
selected and the most recent electricity consump-
tion value that each selected household had from
the data was removed, which became a desired
value to predict for. Predictions were then made
using both prediction methods, and to show which
predictions were closest to actual monthly values, a
spider graph was constructed (Figure 8), showing
the absolute value of the relative errors as a per-
centage, for both the weighted GLMM and custom-
ary eThekwini Electricity method.

In Figure 8, the absolute value of the errors are
represented by concentric circles, with the inner-
most circle representing the smallest error and the
others showing increasingly large errors. The graph
shows the weighted GLMM to be the method most
closely centred in and around the inner circles, indi-
cating that the GLMM is the better performing
model, having the smallest errors across the select-
ed households. This means that the GLMM has 
predictions that are close to the actual monthly 
consumption values for most households. The
municipality’s method results in the overall highest
errors between predicted and observed values. 

Two key findings of this study established a sea-
sonal pattern in the prior consumption values and
determined that winter is likely to see a rise in
household electricity consumption. The pattern
showed that, when modelling current electricity
usage, a household’s two most recent consumption
values, and values 12, 24 and 36 months prior to
the current value, are of particular importance out
of all the prior values a household has, contributing
the most to the prediction. This finding differs from
that of the customary estimation method, in which
the four most recent consumption values contribute
most to the estimate. The model developed in this
study provides insight into household consumption
patterns as well as serving as the foundation for fur-
ther studies on modelling and predicting electricity
consumption at a household level. Further studies
are required to find models that can adapt to less
than ideal measurement circumstances that occur in
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the meter reading process, such as exceedingly long
or unevenly spaced usage periods.
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Abstract
An investigation was carried out to illustrate the
prospects and challenges associated with implemen-
tation of concentrating solar power (CSP) with stor-
age technology in South Africa. Various factors were
examined that have an effect on the cost of CSP
plants and offer an overall review of the opportuni-
ties CSP has for the country. This paper appeals the
general idea that CSP is not cost effective enough
and attempts to illustrate the feasibility of this tech-
nology in South Africa. 

Keywords: concentrating solar power, South Africa,
spread scenarios, storage technology

1. Introduction
Through the last 20 years South Africa has faced
numerous power supply problems, especially in late
2007 when there were several rolling power black-
outs. As a result, South Africa’s Department of
Energy (DoE) published the Integrated Resource
Plan 2010–30 (IRP) in March 2011, aiming to
establish a mix of renewable energy supplies. The
IRP attempts to promote steady progress towards
an efficient and sustainable power supply for South
Africa. The updated 2013 IRP proposed expanding
the renewables section to meet nearly 25% of South
Africa’s energy demand by 2030. 

In a first attempt to facilitate this energy supply
shift, the DoE introduced the Renewable Energy
Independent Power Producer Procurement
(REIPPP) programme (Robb & Roberts, 2014),
which allows individual bidders to bring their contri-
bution by placing tariff bids on the energy supply
objectives of the department. Despite strong sup-
port for this initiative as an economically reasonable
means of promoting renewable energy in South
Africa, this paper reviews the CSP capacity allocat-
ed within this framework. Sections 4, 5 and 6 illus-
trate the advantages of CSP over its energy supply
competitors.

The IRP’s ambitious modification of South
Africa’s electricity infrastructure may not be strictly
perceived as a challenge, but could present an
opportunity for the country, given its natural high
solar radiation and the potential of such an innova-
tive modification. Closer examination makes it
obvious that a restructuring of the South African
energy system is inevitable. Grobbelaar et al.
(2014: 490) summarise the current situation well:
‘CSP is a young technology and there is still space
in the global market for South Africa to become
involved in technology development and large-
scale manufacturing.’ 
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Figure 1 shows that the current energy mix in
South Africa is dominated by coal. A large propor-
tion of electricity is generated by means of oil used
for peak power in open cycle gas turbines. In a sce-
nario where South Africa tolerates fossil fuels, the
cost of energy is likely to increase quickly because
of decreasing fossil fuel reserves and rising prices.
Scenarios envisaging an infrastructural rollout for
natural gas imports were made in the updated IRP
version (DoE, 2011; 2013a; 2013b). The
Mozambican gasfields (Temane and Pande) could
deliver what is believed to be a sustainable energy
source, although carbon tax costs are likely to be a
more pressing issue in the future. An insistence on
conventional energy sources could result in depen-
dency on other countries (with possible negative
impacts, as in Ukraine, which is currently suffering
from its dependency on Russian gas supplies). The
consequences must therefore be properly consid-
ered, and a near-future turnaround is most desir-
able in order to acquire a solid position in the global
renewable energy market.

In the updated IRP, the CSP is allocated only
1.3% of the generating capacity by the end of the
planning period and not considered a suitable elec-
tricity source for the future construction of power
plants (DoE, 2011; 2013a; 2013b). This is most
likely a result of the current levelised cost of electric-
ity (LCOE). At the moment the LCOE of CSP is
much more expensive than other intermediate- or
base-load energy supply technologies (e.g.
ZAR2.0/kWh for a CSP plant (Nersa, 2011)). It is
often forgotten, however, that solar technologies –
and specifically CSP – offer numerous benefits for
South Africa. Figure 2 illustrates typical demand
curves for summer and winter days. For winter, the
graph displays two power peaks, one in the morn-
ing and one in the evening, which reflect challenges

associated with inadequate supply that are likely to
result in higher power prices. To restore market bal-
ance it is necessary to provide a supply curve
approximated to the demand, and in order to meet
these power peaks, peak power plants (see Pegels,
2010) are required. 

A conventional photovoltaic (PV) system gener-
ates electricity only while the sun is shining, making
it impractical to meet the average electricity
demand. During the evening peak, when most
power is required, the power network is in need of
a flexible and sustainable electricity source.
Currently, peak demands are met by several open-
cycle gas turbines (OCGTs) which make use of
expensive electricity generation technologies with a
LCOE up to ZAR 5/kWh. In 2014, Eskom was
forced to spend ZAR 10.5 billion on diesel fuel to
enable the OCGTs, which contributed 3621 GWh
of the 230 938 GWh produced by the coal-heavy
utility (Creamer, 2014). As part of an alternative
solution to this problem, CSP could significantly
contribute to South Africa’s future energy mix.

2. Concentrating solar power technology
In contrast to photovoltaic or wind energy, CSP is
able to store thermal energy (normally by means of
liquid salt in a two-tank system), which can provide
electricity after sunset. Concerning cost- and ener-
gy-efficiency aspects, thermal energy storage has an
advantage over electrical, chemical or potential
energy storage systems. Despite the technical expe-
rience with wind and PV plants, CSP is the only
established energy source with an efficient combi-
nation of energy generation and energy storage
(Viebahn et al., 2011). This uniqueness makes CSP
potentially valuable for South Africa. Due to its
capability to supply electricity when needed, it is
possible to provide the necessary grid stability and
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Figure 1: The South African energy mix 2013 
Source: Adapted from BP (2013)



flexibility required to meet South Africa’s peak
demand. The dispatchable nature of the technology
makes CSP preferable to other renewables.

A solar thermal power plant usually consists of
three major components, namely the solar field, a
conventional power block, and an energy storage
system. The technology can be classified into two
general types of CSPs: line-focus and point-focus.

2.1 Parabolic trough technology
Parabolic trough technology focuses sunlight on a
receiver pipe (line-focus), which contains a heat
transfer fluid. The fluid (usually oil) is used to gen-
erate power by means of a steam turbine or to heat
up the thermal energy storage tank. Based on this
technology, plants that operate with flat mirrors
instead of parabolic troughs are being tested. This
so-called Fresnel technology holds a further cost
reduction potential, although its performance is far
below the performance of parabolic troughs. 

2.2 Solar towers
Solar towers use a large number of mirrors to con-
centrate the light beams onto a receiver (point-
focus) positioned in the middle of the field. The
heat transfer fluid flows through the receiver, where
it is heated, and is used to either generate power or
be stored inside the thermal energy storage tank.
Both the line-focused and tower systems should be
placed in an area with intense DNI and nearby grid
connection. Each of the systems needs a substantial
amount of water for steam circuit operation and for
keeping the reflectors clean.

3. Geographic factors favouring CSP
South Africa offers some of the world’s best areas of
high irradiation, making solar energy, especially
CSP with storage, a particularly fitting technology

for the its electricity supply system. In Figure 3 the
direct normal irradiation of South Africa is visu-
alised and a grid map of high voltage lines is added
(black lines). An area’s DNI is directly linked to the
amount of electricity a plant is able to deliver in that
specific area. As a consequence, South Africa can
provide more power with the same reflector size
than other countries.

Judging by the DNI distribution, the northwest-
ern region is highly suitable for CSP power plants.
A DNI exceeding 2500 kWh/m2 could result in a
lower LCOE for plants located in this area. 

There are, however, several other factors affect-
ing the profitability of an energy source. The LCOE
illustrates the cost-effectiveness of a certain power
plant, expressed by Equation 1 (Hernández &
Martínez, 2013).

          
     (1)

This mathematical approach contrasts the
investment expenditures It, the operation and main-
tenance expenditures Mt and the fuel expenditures
Ft to the electricity Et generated over a certain time
t, which represents the life-cycle time of a CSP
plant.

At this point, for reasons of fairness, it has to be
mentioned that issues have been raised about the
validity of using LCOE as a comparison tool of dif-
ferent energy sources. Indeed, the LCOE does not
consider the ‘hidden benefits’ of a project
(European Solar Thermal Energy Association
(ESTELA), 2016). These include factors like the
lifetime of components, degradation of perfor-
mance, impact of temperature on performance,
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Figure 2: Demand of typical winter and summer days in South Africa 
Source: Eskom (2014)



losses in charging and discharging batteries and
pumping stations. The present investigation accepts
and promotes the cost-vs-value approach, as intro-
duced in the ESTELA publication, for comparing
energy production means. The LCOE is, however,
a widely accepted measurement of the direct, pro-
duction-associated costs a power plant generates.
For this reason, the LCOE is used here as a valid
metric of comparison, while the feasibility of a cost-
vs-value approach in order to incorporate hidden
benefits is explicitly highlighted. Concerning the
allocation problem of CSP, the ratio of electricity
production and its generation costs can help to
determine suitable locations for plants. In order to
reduce the LCOE, efforts are made to either reduce
the investment, maintenance and fuel costs of a
plant or increase its electricity generation.
Increasing electricity supply can be achieved by
providing the power plant with a high DNI level.
The correlation between the DNI a CSP plant
receives and the amount of power it produces is
illustrated in Figure 4.

In order to establish the correlation between
generated power and DNI, as seen in Figure 4,
monthly average data was collected and projected
for a whole year. The result is a disproportionately
high relation between increasing DNI and generat-
ed power (see Et in equation 1). As Figure 4 shows,
the plant gains efficiency, which can be measured
by Equation 2 at higher DNIs, where Wout defines
the electricity output and Win the irradiation input. 

                (2)

To apply this with respect to LCOE, a suitable
choice of location in a high DNI area will lead to a
lower price of electricity, provided that costs remain
constant. The high DNI of South Africa provides an
opportunity that is almost unique, since smaller
power plants are required to produce the same
amount of power a bigger plant would produce in,
for example, Europe (Fluri, 2009). In other words,
fewer reflectors are needed for the same design out-
put, which leads to a better LCOE.

Figure 5 shows the suitable areas where a high
DNI level is combined with a good link to the grid.
These locations are along several grid lines and are
shown as white lines. High costs of grid expansion
means that the first CSP plants should be placed
close to an existing transmission line. Only when the
technology is established in South Africa would
enlarging the power system structure by means of
grid expansion be an option. In summary, the white
lines represent possible locations concerning only
the DNI and grid connection factors.

Factors other than suitable grid lines and avail-
able water supply that can affect the LCOE include
fuel costs (Ft in Equation 1 will be equal to zero in
any location) as well as maintenance and invest-
ment expenditures, which are highly area-depen-
dent. 

Maintenance costs can be subdivided into man-
power costs, equipment or service costs and water
costs. Two main aspects are relevant here: the plant
size that is most likely to affect the manpower and
equipment/service costs, and the location of the
plant, which has a relatively high impact on opera-
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Figure 3: The DNI of South Africa with a shimmed grid map 
Source: GeoModel Solar (2013)



tion and maintenance costs, on the basis of water
availability (Braun, 2011). The demand for water to
clean the reflectors and cool the generator turbine is
approximately 2.9-3.6 m3/MWh. Areas that com-
bine grid connectivity with a good water supply are
therefore most desirable for establishing CSP plant.
In South Africa, not all rivers are perennial, so fur-
ther research is needed here.

Another factor impacting the LCOE is invest-
ment cost, which is only partially influencable. In
order to reduce these costs, CSP plants would be
placed in an area with good infrastructure, includ-
ing good transport routes, a solid basis of potential
workers and operators, an almost level area to allow

a stable foundation, and adequate accommoda-
tion. Furthermore, there should be no hills or moun-
tains that could shade the reflectors and thus affect
plant efficiency. 

Figure 5 furthermore indicates possible plant
locations in South Africa, taking into account the
factors noted earlier. Locations are strongly based
on solar irradiation, representing a first attempt
(with the eastern part of the country excluded).
More accurate analyses are required to exactly
ascertain suitable CSP locations, taking into
account Eskom’s grid-expansion plans, political and
social area-dependent discrepancies, local electrici-
ty demands and the global market situation. 
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Figure 4: Correlation between generated power and DNI1
Source: Dinter et al. (2013)

Figure 5: Map of South Africa’s suitable grid lines (white) and available water supply (black) Source:
GeoModel Solar (2013)



4. Economic factors favouring CSP
Following an examination of the current situation
and of possible locations of CSP plants, it is useful
to turn to a consideration of future developments of
CSP in South Africa, emphasising the question of
whether, and to what extent, CSP could be integrat-
ed. Despite CSP still having a higher LCOE than
most alternative energy sources, the present study
suggests that CSP is set to become a major part of
a future South African electricity system. Two
aspects justify this view. Firstly, the choice of LCOE
is not an instrument of actually comparing the
means of energy production, but rather of highlight-
ing the cost reduction potential of CSP. Secondly,
the LCOE predictions shown in Figure 6 support
the view of CSP as a feasible energy production
alternative. The LCOE forecasts for the next ten
years are based on several studies that analyse the
cost behaviour of innovative technologies, as well
as on the trend of fossil power resources. It illus-
trates the LCOE changes of CSP’s main renewable-
energy competitors: PV, wind and coal from 2004.

The wind curve is expected to be nearly con-
stant in future because the technology is already at
a later stage of maturity. The course of the PV curve
is sufficiently representative of ‘pioneer technolo-
gies’, especially in the energy sector, showing a
strong cost reduction within the first decade or so,
followed by smaller price cuts until it reaches a con-
tinuous state prescribed by environmental factors,
commodity prices and O&M costs. The wind ener-
gy sector has already reached that state.

The dimension of this price-decrease effect
depends on the investment and the confidence
associated with a specific technology. If the pioneer
phase, which CSP is currently in, were followed by

a strong adoption phase, it would lead to lower
costs, given only a few investors. Many predictions
of the LCOE trends of CSP have been made (e.g.
Trieb et al, 2009 and Fawer et al, 2011), most of
them leading to results similar to the average trend
line in Figure 7.

The graph in Figure 7 is based on a DNI of
2500–3000 kWh/m2. According to the Fraunhofer
report studies, additional price cuts are motivated
by the five essential cost-reduction potentials, which
moreover represent current main research focuses: 
1. Learning effects is an umbrella term for usual

innovative advances. It includes improvement in
efficiency and infrastructural upgrading, as well
as the continuing education of workers and
operators.

2. Scale-up of component production describes the
procedure of settling and developing businesses,
related to a specific technology. Series manufac-
turing and bigger production lines give cheaper
component costs. Heliostats and reflectors,
which make up 37% of the whole costs, are
believed to profit especially from this effect. 

3. Substitution of oil as heat transfer fluid by
molten salt could lift the efficiency of a power
plant by 12–13% due to the fact that a heat-
exchanging device is no longer needed to store
thermal energy. The salt itself is now heated in
the receiver. Researchers are currently verifying
various approaches on keeping constant pipe
temperatures of >270 °C which would enable
molten salt to act as a heat transfer fluid (having
a melting point of 260 °C).

4. Alternative thermal storage technologies could
lead to higher storage temperatures, which go
hand in hand with higher energy density and
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Figure 6: LCOE trends of coal, wind and PV 
(Source: Balz et al., 2013)



better efficiency.
5. Scale-up of plant size is believed to lead to a

LCOE decrease of up to 20% (Viebahn et al,
2011). As mentioned, a plant’s design output
has an influence on O&M costs, as well as
investment expenditures. The costs decrease
drastically, with increasing plant dimension, up
to 150 MW, or even 250 MW, whereas the effect
for bigger plants is not that remarkable. This is
visualised in Figure 8. Reflector sizes especially
are believed to have a big influence on LCOE
values (CSP Today, 2013).

Fresnel technology should also be mentioned.
Fresnel resorts to known line-focus technologies but
features a significant difference in reflector designs.

The light is concentrated onto the receiver pipe by
several small mirror bars as opposed to one big
parabolic trough. Each of these mirrors is tracked
and entails the possibility to work with flat surface
reflectors. Flat mirrors are about four times cheaper
than curved ones, offering further cost reduction
potential.

A rather pessimistic cost optimisation based on
these parameters could lead to a LCOE projection
as shown in Figure 9. It is clear that the LCOE is
already beneath the current peak-load level in
South Africa, making CSP a valuable energy source
for morning and evening and an immediate alter-
native to OCGTs. The current renewable energy
feed in tariff provides a ZAR 3.94 /kWh reward for
electricity during peak hours, equal to 270% of the

56 Journal of Energy in Southern Africa •  Vol 27 No 2 • May 2016

Figure 7: Predictive LCOE trend of CSP, assuming a parallel volume development of the technology
Source: Fraunhofer-Institut für solare Energiesysteme (2013)

Figure 8: CSP LCOE as a function of design output 
Source: CSP Today (2013)



base-load tariff. This puts CSP in a unique position
to benefit from a financial margin, since other
renewables do not provide proper energy storage
possibilities. 

Furthermore, based on a conservative CSP
LCOE trend shown in Figure 9, CSP will already
match with the intermediate load around 2025. As
mentioned above, this prognosis could be
enhanced by an advanced adoption phase and
result in lower CSP energy costs to a cost-benefit
balance in 2020. The graph is partly based on a
SolarPACES 2013 study (Silinga et al., 2013),
which states that the current peaking LCOE shows
a strong dependency on diesel costs. The LCOE of
ZAR 3.69 /kWh is based on no increase in diesel
costs. An increase of 5% would result in a LCOE >
ZAR 10 /kWh. As can be seen, however, the gap
between CSP and OCGT costs is1.4 /kWh, even for
no increase in diesel costs. Therefore, based on
Silinga et al., a peak supply turn-around towards
CSP technology is the next logical step for South
Africa’s energy system. 

The problem with the peak supply turn-around
is that the LCOE will not necessarily operate as a
reliable decision-making tool. Despite the advan-
tage of LCOE, a decision in favour of CSP is
accompanied by heavy investment expenditure.
Comparatively, OCGTs have low investment costs,
but higher O&M costs. In addition to this, there are
adequate reasons to favour CSP with storage tech-
nology to meet peak demands. As mentioned
before, independence from limited resources is a
major aspect of this problem. It is impossible to
exactly predict diesel fuel prices, although it is cer-
tain that costs will sooner or later rise. Assuming
that South Africa decides to invest in CSP this will
likely result in better LCOE values, due to the cost
reduction effects mentioned above. 

5. Conclusion
Given South Africa’s peak demand, CSP with stor-
age would have substantial benefits for the coun-
try’s energy system and offer a good and reason-
able solution to the problem, due to the system’s
ability to store energy and supply electricity on
demand. Peak demands go hand in hand with high
electricity costs, so CSP enables a financial toler-
ance not shared by other energy sources. 

South Africa has one of the world’s highest DNI
values, providing many potential plant locations
along the grid lines. Due to good conducting perfor-
mances of the South African power grid, it is possi-
ble to transport electricity with a loss of only 3% per
1000 km (Oswald, 2010), reducing the impact on
choice of location. It is desirable to have good water
supply and suitable infrastructure close by, and
there are numerous appropriate sites, especially in
the northwest. The exact location of CSP plants
holds a strong cost reduction potential and should
therefore be further researched.

The efficiency of a power plant scales up with
increasing capacity, and the number of plants built
has a decreasing effect on the LCOE; simply put,
the more plants built, the less expensive they will
get. The bigger the present investment and confi-
dence in this technology, the better it will develop
from a financial perspective. 

The locations shown in Figure 5 represent possi-
ble plant sites in the phase for meeting peak
demand, due to their low financial risks. When CSP
becomes a suitable alternative for meeting interme-
diate load, additional locations away from grid lines
could be considered. Gauché et al. (2014) suggest
an addition of 3 GW of CSP to South Africa’s ener-
gy system and that the technology’s significant ben-
efits appear to vastly outweigh the risks’. 

CSP would be an excellent addition to the South
African energy system. Integration of this technolo-
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Figure 9: LCOE prediction 
(Source: Silinga et al., 2013 and Müller-Steinhagen, 2013)



gy in peaking plants would be a viable alternative to
current OCGTs, and it even has the potential to
serve on intermediate-load level within the next ten
years. This opportunity should be pursued with the
necessary confidence and patience. 

Note
1. Data refers to the Andasol 3 parabolic trough power

plant in Spain; design output: 50 MW; storage: salt,
7.5 hours. 
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Abstract
Zirconia nanoparticles were prepared by the precip-
itation and ageing methods. The precipitation
method was performed by adding ammonium solu-
tion to the aqueous solution of zirconium chloride at
room temperature. The ageing method was per-
formed by leaving the precipitate formed in the
mother liquor in the glass beaker for 48 hours at
ambient temperatures. The nanoparticles from both
methods were further sulphated and phosphated to
increase their acid sites. The materials prepared
were characterised by X-ray diffraction (XRD), ther-
mo-gravimetric analysis (TGA), Brunauer-Emmett-
Teller (BET), transmission electron microscopy
(TEM) and scanning electron microscopy (SEM)
methods. The XRD results showed that the
nanoparticles prepared by the precipitation method
contained mixed phases of tetragonal and mono-
clinic phases, whereas the nanoparticles prepared
by ageing method had only tetragonal phase. The
TEM results showed that phosphated and sulphated
zirconia nanoparticles obtained from the ageing
method had a smaller particle size (10–12 nm) than
the nanoparticles of approximately 25–30 nm pre-
pared by precipitation only. The BET results
showed that the ZrO2 nanoparticles surface area
increased from 32 to 72 m2/g when aged.        

Keywords: nanoparticles, precipitation, zirconium
oxide, aging, monoclinic, tetragonal, phosphated
zirconia, sulphated zirconia, pore volume, pore
diameter

1. Introduction
In the last three decades there has been increased
interest in alternative energy research, given that
fossil fuels are not going to be with us forever.
Among alternative energies, fuel cell technology is
one of the most studied because of its potential use
in automobiles, electronics and power plants (Wang
et al., 2000). The interest in fuel cells has led to an
extensive investigation of proton-conducting mem-
branes (e.g. polymeric and organic/inorganic nano-
composite membrane) (Stoychev et al., 2000). 

A proton-conducting membrane is the key com-
ponent of a fuel cell system. Perfluorosulphonated
membranes are widely used as proton conductors,
including Nafion series (DuPont) with Nafion 117
as the preferred membrane for direct methanol fuel
cells. Nafion is the state-of-the-art commercial
membrane and performs well in a hydrated envi-
ronment; its proton conductivity has a strong
dependence on water content, but if it is not prop-
erly hydrated, proton conduction becomes slow
(Zawodzinski, et al., 1995). At higher temperatures,
the PEM will dehydrate and lose proton conductiv-
ity, and may result in irreversible mechanical dam-
age. However, higher working temperatures are
favourable for the kinetics of a platinum Pt catalyst
and improve its tolerance to carbon monoxide poi-
soning (Costamagna et al., 2002). A Nafion mem-
brane has an osmotic swelling problem and is also
potentially dissolved in methanol solution when the
methanol concentration and temperature are
increased (Kleina, et al., 2005). 

The efforts to improve membrane properties,
e.g. increasing the working temperature above
100 oC, increasing water content and mechanical
strength as well as organic and inorganic nanocom-
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posite membranes are extensively investigated.
Nanoparticles of metal oxides are used to modify a
Nafion membrane in order to improve its water
retention, thermal stability, proton conductivity and
methanol permeability (Savadogo, 2004). It has
been demonstrated that the incorporation of metal
oxides in the form of nanoparticles improves water
retention and the thermo-mechanical stability of the
membranes (Savadogo, 2004). These modified
Nafion nanocomposite membranes with inorganic
nanoparticles have been designed to run at temper-
atures above 100 oC because higher temperature
operation reduces the impact of carbon monoxide
poisoning, allows attainment of high power density
and reduces cathode flooding as water is produced
as vapour (Hara and Miyayama, 2004).

Among metal oxides, zirconium oxide (ZrO2)
nanoparticles have been widely studied because of
their high thermal and chemical stability, mechani-
cal strength, chemical inertness, wear and corrosion
resistance as well as high water retention (Ranjbar
et al., 2012).  The ZrO2 nanoparticles can exist in a
number of polymorphs at atmospheric pressure and
are monoclinic, tetragonal and cubic (Navarra et
al., 2008). The tetragonal phase of ZrO2 nanoparti-
cles is considered to be the one that is highly catalyt-
ic, with low thermal conductivity and thermal
expansion coefficient compared with the others,
rendering them suitable for use as oxide ion con-
ductors in higher temperature sensors (Adjemian et
al., 2006; Adjemian et al., 2002a; Adjemian et al.,
2002b;  Costamagna et al., 2002).  This tetragonal
ZrO2 is also used as a catalyst and catalyst support
for various gas phase reactions (Casciola et al.,
2008; Jian-Hua et al., 2008).

One of the disadvantages of zirconium is its low
surface area, acidity and conductivity. This problem
can be solved by modifying zirconium nanoparticles
with acids such as sulphates (Shao et al., 2006;  Xu
et al., 2005; Adamski et al.,2008; Mekhemer &
Ismail, 2000;   Jiao et al., 2003) and phosphates
(Ray et al., 2000) to yield solid acids of a wide
range of strengths. This acid-modified zirconia has
been found to increase water retention, improve
proton conductivity and reduce the methanol
crossover in the membrane (Zhou et al., 2006;
Bondars et al., 1995; Chuah et al., 2001) and be
more stable than other solid super acids (Wang et
al., 2006).

This aim of the current work is to modify zirco-
nium nanoparticles in order to make them suitable
as additives to Nafion membranes, by adding sul-
phates and phosphates and by also increasing their
pore volume and surface area in order to increase
water retention in the membrane.

2. Experimental methods
2.1. Reagents 
Zirconium diammonium hydrogen phosphate

((NH4)2HPO4), Zirconium oxychloride hydrate
(ZrOCl2 .8H2O), silver nitrate (AgNO3), sulphuric
acid (H2SO4) and ammonia solution (NH3) were
purchased from Merck. All the chemicals were used
as received.

2.2. Preparation of zirconium oxide by
precipitation. 
The ZrO2 nanoparticles were prepared by the pre-
cipitation method; zirconium oxychloride hydrate
(ZrOCl2.8H2O) and ammonia (NH3) were used as
starting materials. Zirconium hydroxide’s precipita-
tion (Zr(OH)4) was obtained by adding an NH3
aqueous solution drop-wise to the aqueous solution
of 0.2M ZrOCl2.8H2O at room temperature while
vigorously stirring until the desired pH of 10 was
reached. The precipitate was divided into two parts.
The one part of the precipitate was washed with
deionised water until the chlorine ions (Cl-) were
not detected by the silver nitrate (AgNO3) test and
filtered to obtain a wet powder of Zr(OH)4. The wet
powder was dried in an oven at 100 oC overnight.
Zirconium oxide nanopowder was obtained
through the calcination of the dried zirconium
hydroxide at 600 oC for 6 hours. 

2.3. Preparation of zirconium oxide by
ageing method
The remaining part of the precipitate formed as
described in Section 2.2 was aged in the mother
liquor by leaving it in the glass beaker for 48 hours
at ambient temperature. The precipitate was fil-
tered, then washed and calcined according to the
procedure described above.

2.4. Preparation of sulphated zirconia 
Sulphated zirconia (S-ZrO2) nanopowder was pre-
pared by vigorously stirring the dried aged or un-
aged ZrO2 nanopowder obtained from section 2.2
and 2.3 in 0.5 M H2SO4 for 30 minutes at room
temperature. The resulting solid was filtered and
dried at 100 oC for 48 hours. The dried S-ZrO2
nanopowder was then calcined at 600 oC for 2
hours and the resulting particles were ground to an
ultra-fine powder using a mortar and pestle
(Roberts et al, 2015).

2.5. Preparation of phosphated zirconia
The phosphated zirconia (P-ZrO2) nanoparticles
were prepared from aged and un-aged ZrO2
nanoparticles (obtained as described in Sections
2.2 and 2.2) using diammonium hydrogen phos-
phate ((NH4)2HPO4) solution. A portion of the ZrO2
nanopowder was dissolved in an aqueous solution
of (NH4)2HPO4. The solution was stirred for 30
minutes using a magnetic stirrer at room tempera-
ture for 30 minutes. The P-ZrO2 nanoparticle sus-
pension obtained was filtered and dried at 100 oC
for 48 hours, followed by calcining at 600 oC for 2
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hours. The resulting particles were ground to an
ultra-fine powder using a mortar and pestle.

3.  Characterisation 
The XRD analysis was performed using a Philips X-
ray automated diffractometer with Cu K radiation
source. The analysed material was finely grounded
and homogenised. Samples were scanned in a con-
tinuous mode from 10–90° (2 theta) with a scan-
ning rate of 0.026°/s. The thermal properties of the
samples were studied by thermal gravimetric analy-
sis (TGA) under nitrogen flow. The TGA experiment
was carried out using Model 1500 Simultaneous
Thermal Analyser  (made by Rheometric Scientific
limited, United Kingdom), in an inert atmosphere
supplied by nitrogen gas at a heating rate of 10
°C/min from 50 oC to 1000 oC. 

A BET surface area instrument (Micromeritics
Accelerated SA and Porisimetry 2010 system) was
used to determine information such as gas uptake,
micropore volume (t–plot method), and pore size
distribution from adsorption and desorption
isotherms. In BET surface area analysis, a dry sam-
ple was evacuated of all gas and cooled to 77 K
using liquid nitrogen. The particle size was calculat-
ed by using Equation 1.

       S =                                                            (1)

where r is the theoretical density of the materials
which equal to 6.27 g/cm3 (Parera, 1992) and DBET
is the particle size in nm. 

The matrix surface and cross-section of the syn-
thesised nanopowder morphology were investigat-
ed by means of SEM. Scanning electron micro-
scope images were obtained on a Hitachi x650.
This technique involves the interaction of the sam-
ple with electrons, which results in a secondary
effect that is detected and measured. High-resolu-
tion transmission electron microscopy (HRTEM)
was used to estimate their particle size and observe
the morphology.

3. Results
3.1. The X-ray diffraction analysis of ZrO2,
S-ZrO2 and P-ZrO2 nanoparticles 
Figure 1(i) shows the diffraction patterns of the (a)
ZrO2, (b) S-ZrO2, and (c) P-ZrO2 nanoparticles pre-
pared without ageing. The crystallinity of materials
in Figure 1(i) is evidenced by sharper diffraction
peaks at respective diffraction angles. The XRD did
not show any significant difference between ZrO2
(Figure 1(i)(a)) and other modified ZrO2 (Figure
1(i)(b) and Figure 1(i)(c)). All the samples exhibited
the mixture of monoclinic and tetragonal phase.
The major peaks appeared at 24.4°, 28.2°, 30.5°,
34.5° and 62.3° (2theta). The strongest diffraction
peak of monoclinic structure which appeared at
28.2° (2theta) was due to the (111) plane, and the
major peak for the tetragonal structure seen at 30.5°
(2theta) was attributed to the (101) plane. The
obtained structures are comparable to the JCPDS
data (Card No.37-1484) (Jiao et al., 2003; Ray et
al., 2000) for the monoclinic and standard JCPDS
data (Card No.17-0923) (Zhou et al., 2006) for the
tetragonal structure. Comparing the intensity of the
monoclinic and tetragonal peaks shows that the
monoclinic peaks are more intense than tetragonal
peaks and it can be concluded that the samples
contain more monoclinic structure than tetragonal.

The XRD patterns of the samples synthesised by
aging method are shown in Figure 1(ii). All the sam-
ples showed similar diffraction patterns at 30.2°,
50.2° and 60.2° (2theta) which are characteristics of
zirconium in a tetragonal phase and can be indexed
to the standard pattern of the tetragonal phase of
ZrO2, which is in good agreement with reported
data (JCPDS No.81-1544) (Chuah et al.,
2001). The peaks at 30.2°, 50.2° and 60.2° corre-
spond to the planes at 101, 112 and 211 respective-
ly. These XRD patterns show that these materials
are amorphous, as evident by peaks and humps.
From these results it can be deduced that the slow
ageing of samples favoured the tetragonal structure
growth, the monoclinic peaks completely disap-
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Figure 1: XRD patterns of (a) ZrO2, (b) S-ZrO2 and (c) P-ZrO2  nanoparticles (i) un-aged and (ii) aged



peared. This ageing method can be used for single
phase zirconium at ambient temperature, whereas
other researchers (Hsieh, 1996) find that the single
phase can be achieved at temperatures of 950–
1230 oC.

3.2. Powder thermo-gravimetric analysis 
The ZrO2, P-ZrO2 and S-ZrO2 nanopowder were
evaluated by means of thermo-gravimetric analysis
(TGA). Figure 2 indicates that the thermal decom-
position process occurs in two weight-loss stages.
The TGA curve in Figure 2(i)(a) indicates that the
thermal decomposition occurs initially between 40
°C and 200 °C, with mass loss of 0.4 % associated
to dehydration. The second stage of thermal
decomposition is related to decomposition of sul-
phate and carbonaceous phase decomposition,
respectively. The total weight loss of original mate-
rial reaches about 3.2%. For the phosphated zirco-
nia,  Figure 2(i)(b) shows the initial weight loss from
20-300 °C, which can be attributed to the loss of
moisture (Smitha et al., 2003). No further weight
loss could be detected up to 900 °C, indicating the
thermal stability of the phosphate species incorpo-
rated. The TGA curve 2(i)(c) indicates that pure
ZrO2 has little loss of its original weight on heating
up to 600 °C. This may be due to the dehydration
occurring through the loss of water molecules from
adjacent -OH groups. Figure 2(ii) also shows two
weights loss stages which are the same as in Figure
2(i) except that in Figure 2(ii) the weight losses are
more stabilised. 

3.3 Brunauer-Emmett-Teller
The BET specific surface areas of ZrO2, S-ZrO2 and
P-ZrO2 nanoparticles materials calcinated at 600 oC
temperature are listed in Table 1 and Figure 3. The
specific surface area of ZrO2 nanoparticles materials
was found to be 33 m2/g which is larger than the 23

m2/g obtained by Chuah et al. (1996). The specific
surface area of ZrO2 nanoparticles increased from
33 to 39 m2/g when they were modified by sul-
phuric acid. This indicated that the presence of
suphate strongly influences the surface acidity of
ZrO2 nanoparticles (Tanabe & Yamaguchi, 1994).
Zirconia modified with sulphates exhibits superior
catalytic activity. The presence of sulphates increas-
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Figure 2:  Thermogravimetric analysis of (a) S-ZrO2, (b) P-ZrO2 and (c) ZrO2 nanoparticles 
(i) un-aged and (ii) aged 

Table 1:    BET surface area for ZrO2, S-ZrO2
and P-ZrO2 nanoparticles calcinated at 600 oC

Samples BET surface Particle Pore volume
area ( m²/g) size (nm) (cm3/g)

ZrO2 33 29 0.08

S-ZrO2 39 24 0.09

P-ZrO2 37 26 0.07

ZrO2(aged) 72 13 0.13

S-ZrO2(aged) 79 12 0.16

P-ZrO2(aged) 77 12 0.08

Figure 3: BET surface areas of the
nanoparticles calcined at 600 °C



es the stability of zirconia as well as the content of
the tetragonal crystal phase, which is the one
believed to be catalytically active (Zarubica et al.,
2009). It has been reported that S-ZrO2 exhibited a
Hammett acid strength H0 of -16.03, whereas for
100% sulphuric acid it is only -11.99 and shows
higher strength (Yadav & Nair, 1999). The modifi-
cation with diammonium hydrogen phosphate acid
also increases the specific surface areas to 37 m2/g,
which is high in comparison with unmodified ZrO2,
as has also been observed by other researchers
(Abbattista et al., 1990).  Figure 3 shows that the
nanoparticles obtained from the ageing method
had an enhanced specific surface area, which is
necessary for the application of zirconia nanoparti-
cles as catalyst support in fuel cells. The results
show the specific surface area doubled when the
aging method was used, going from 33 to 72, 39 to
79 and 37 to 77 m2/g for ZrO2, S-ZrO2 and P-ZrO2
respectively. Our results are in agreement with the
results obtained by other researchers (Jakubus et
al., 2003).  This indicates that by aging ZrO2 nano-
particles the surface area also increases, which
make them suitable for fuel cell application. The
particle size of nanoparticles was reduced by half
when the ZrO2 nanoparticles were aged.  A slightly
increase of pore volume was observed upon the sul-
phated zirconia with pore volume ranges of 0.09–
0.16 cm3/g when compared to the un-sulphated zir-

conia with pore volume ranges of 0.08–0.13 cm3/g.
These properties are good for the application of
ZrO2 in fuel cell membranes.

3.4. Scanning electron microscopy 
Figure 4 shows SEM images of aged (Figure 4(a-c)
and Figure 4(d-f) un-aged nanoparticles. It is
observable that all nanoparticles are aggregated
into clusters and their morphology is mostly spheri-
cal. This has also been observed elsewhere
(Ranjbar et al., 2012; Lim et al., 2013). These
nanoparticles are in the  form of agglomerates but
close inspection reveals that in Figure 4(b) and (c)
they are less agglomerated than in Figure 4(a),
which might be due to acid solutions in nanoparti-
cles reducing their agglomeration. The aged
nanoparticles are more agglomerated than un-aged
ones. This might be due to their small size, which
was a results of ageing. It was not possible to esti-
mate the particle size, but it can be observed that
agglomerates from aged nanoparticles are made up
of clusters of smaller nanoparticles. This was con-
firmed by our BET results, which showed that the
aged nanoparticles were half the size of unaged
ones.

3.5. Transmission electron microscopy
The morphology and size information of the ZrO2
nanoparticles was further investigated by TEM

64 Journal of Energy in Southern Africa •  Vol 27 No 2 • May 2016

Figure 4:  SEM images of (a) ZrO2, (b) S-ZrO2 and (c) P-ZrO2 un-aged nanoparticles and their
respective aged nanoparticles (d) ZrO2, (e) S-ZrO2 and (f) P-ZrO2



analysis (see Figure 5). All nanoparticles exhibited a
spherical morphology with a particle size diameter
which is narrowly dispersed. The un-aged nanopar-
ticles have a particle size distribution of 20–30 nm.
The aged nanoparticles had a particle size of 10–13
nm. These results are in agreement with the BET
results. Figure 5 (g-i) shows that the nanoparticles
are crystalline, which was also confirmed by XRD
results. 

4. Conclusion
The ZrO2 nanoparticles were successfully synthe-
sised with varying sizes. The ageing method shows
that the single phase of ZrO2 nanoparticles can be
obtained by a simple ageing method at ambient
temperatures, which will reduce costs, given that
previous researchers have synthesised this single
phase at temperatures above 950 oC. This tetrago-
nal phase is useful in catalysis and makes these
nanoparticles suitable for use in the Nafion mem-
branes used in fuel cells. The sulphated and phos-
phated ZrO2 has been found by other researchers to

be suitable for the fuel cell membrane due to their
acidic sites. The nanoparticles produced in this
work had large pore volume and smaller particle
size, which is also useful in fuel cell membrane due
to their high capacity for water retention. The age-
ing method has shown that it is possible to produce
small particle size with a higher surface area and
single phase (tetragonal) zirconia which is suitable
in the fuel cell membrane application.
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Figure 5: TEM images of (a) ZrO2, (b) S-ZrO2 and (c) P-ZrO2 un-aged nanoparticles and their
respective aged nanoparticles (d) ZrO2, (e) S-ZrO2, (f) P-ZrO2 (g) ZrO2, (h) S-ZrO2 and (i) P-ZrO2
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Abstract
This paper presents the results of a study comparing
the life cycle environmental impacts and cumulative
energy demands of reading printed books (print
system) with those of reading e-books from an
Apple Air iPad (digital system), with a specific focus
on production of books and use of both options in
South Africa. The two systems were compared
using the ReCiPe midpoint and cumulative energy
demand methods. The findings, which are consis-
tent with international findings, demonstrate that
the print system has lower impacts than the digital
system in the impact categories of freshwater
eutrophication, freshwater ecotoxicity, marine eco-
toxicity and metal depletion, whilst the digital sys-
tem has lower impacts in the categories of climate
change, ozone depletion, terrestrial acidification,
marine eutrophication, human toxicity, photochem-
ical oxidant formation, particulate matter formation,
terrestrial ecotoxicity, ionising radiation, agricultural
land occupation, urban land occupation, natural
land transformation, water depletion and fossil
depletion. The major processes contributing to
energy demand and environmental impacts of the
print system were paper production and printing.
For the digital system the major contributing pro-
cesses were the production of the iPad and e-book
reading. Coal-based electricity and coal-mining-
related activities featured prominently in both sys-
tems, affecting environmental impacts and energy
demand of products and services in South Africa. A
change in the electricity mix to be less coal-intensive
reduced the impacts of both systems. Finally, the
products demonstrate that relatively few additional
readers result in printed books becoming preferable

to e-books in almost all impact categories, suggest-
ing the need to consider housing print books in
libraries to reduce their relative environmental
impacts. 

Keywords: cumulative energy demand, digital
books, print books, life cycle assessment. 

1. Introduction 
A number of studies around the world have com-
pared the environmental impacts of print media
systems with those of digital media systems offering
the same services, including those by Kozak (2003),
Gard and Keoleian (2003), Enroth (2009), Moberg
et al. (2011) and Achachlouei et al. (2013). No sim-
ilar analyses have, however, been made in South
Africa. This paper presents the results of a study that
was conducted to determine whether international
results are also relevant in the South African con-
text. The work sought to answer three key ques-
tions, being: 
1. Is it environmentally preferable to read e-books

from an iPad or printed books?
2. What is the impact of the future South African

electricity mix on both systems, in terms of envi-
ronmental impacts and cumulative energy
demand?

3. What is the effect of multiple users on the envi-
ronmental impact and cumulative energy
demand on both systems? 

The remainder of the paper presents details of
the approach and key findings, following the ISO
14040 LCA Principles and framework structure
(ISO, 2006). The results are compared to the find-
ings of previous studies throughout the paper.
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2. Scope
2.1 Introduction
The print and digital systems were compared to
each other using life cycle assessment (LCA). LCA
is defined as ‘an objective process to evaluate the
environmental burdens associated with a product,
process, or activity by identifying energy and mate-
rials used and wastes released to the environment,
and to evaluate and implement opportunities to
effect environmental improvements’ (ISO, 2006).

2.2 LCA methodology
The LCA methodology is built around four major
components (Wolf et al., 2012): goal definition and
scope; inventory analysis; impact assessment; and
interpretation. The methodology is illustrated in
Figure 1, which shows the iterative process as indi-
cated by the bi-directional arrows.

2.3 Goal definition
2.3.1 Base case
The purpose of this study is to compare the environ-
mental impacts and cumulative energy demand of
21 university textbooks read as e-books on a digital
system with those associated with the same books
read in print in South Africa. This figure represents
the total number of books required for a four-year
commerce degree at a local university. The initial
hypothesis was that reading 21 e-books from an
iPad has a smaller environmental impact and
cumulative energy demand than reading 21 printed
books. 

2.3.2. Changing the electricity supply mix
This study also serves to investigate the effect that
changing the energy mix and increasing the number

of users per book has on the results. It was hypoth-
esised that changing the electricity mix to one that
includes more nuclear and renewable energy will
reduce the differential between the print system and
digital system in all of the impact categories consid-
ered. The Integrated Resource Plan (IRP) devel-
oped in 2010 by the Department of Energy (DOE)
forms the planning framework for the installed
power production plant capacity in South Africa
(DOE, 2011). Several scenarios were developed in
the IRP for the period between 2010 and 2030
which assess the impact of installing renewable and
non-renewable energy technologies on the price of
electricity and the associated greenhouse gas emis-
sions. The ‘policy-adjusted IRP’ scenario was used
to determine how the digital and print systems are
impacted by a change in the electricity grid mix.

2.3.3 Impact of multiple readers
If the number of readers per product increases,
impacts could either increase or decrease as a mul-
tiple of the number of users. The change in impacts
may apply to either stages of the life cycle or the
entire life cycle, depending on the exchange
between users. The print system impacts will
decrease with each additional user. The digital sys-
tem impacts will decrease with each additional user
for all stages, except in the reading stage, where
additional energy is expended per user to charge
the iPad for reading e-books. The third set of anal-
yses was run to determine the impact of multiple
readers on the results. 

2.4 System boundary and inventory data
2.4.1 Print system
The life cycle of the paper book consists of the fol-
lowing stages:
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Figure 1: Life cycle assessment phases 
(ISO 14040, 2006)



• pulp wood production;
• pulp wood transportation;
• pulp and paper production;
• paper transportation;
• printing;
• personal transportation;
• printed paper book use; and
• waste management.
The system boundary is illustrated in Figure 2. The
associated inventory data is shown in Table 1, with
the assumptions that underpin this data being pre-
sented in the sections that follow.

Pulp wood production
Hardwood is the main feedstock used for writing
and printing paper grade in South Africa (Sappi,
2012). It is assumed that the processes used in the
production of hardwood in South Africa are equiv-
alent to those used internationally, and hence inter-
national data is used in the study.

Pulp wood transportation 
Once the wood is harvested it is assumed to be
transported a nominal 110 km (Chamberlain et al.,
2005) to the pulp and paper mill.

Pulp and paper production
It is assumed that all printed books are made using
paper made entirely from sulphite pulp at an inte-
grated paper and pulp mill (The Timber Watch
Coalition, 2009). All paper in the book is assumed
to be made from wood-free uncoated paper. Wood-
free refers to paper that is made from pulp which is
free of lignin. This assumption includes the book

covers. The weight of the book includes the cover of
the book and weight of the paper within.

Paper transportation
Five of the six major book printing houses in South
Africa are located in Cape Town. The paper is
therefore assumed to be transported 1 600 km

70 Journal of Energy in Southern Africa •  Vol 27 No 2 • May 2016

Table 1: Print system data inventory for the functional unit of 21 university books

Stage Process Input Value Data regional 
source

Pulpwood Pulpwood Pulpwood, hardwood, measured as solid wood under bark 1.000 m3 Global
Pulp wood Pulp wood Transport, freight, lorry >32 metric ton 47.520 ton.km Global

transportation

Pulp production Pulp production Electricity, medium voltage 0.140 kWh South Africa

Paper Paper production Pulpwood, hardwood, measured as solid wood under bark 0.003 m3 South Africa
Water, cooling, unspecified natural origin 0.017 m3 South Africa

Water, unspecified natural origin 0.072 m3 South Africa
Pulpwood, hardwood, measured as solid wood under bark 0.003 m3 South Africa

Sulphite pulp, bleached 0.030 m3 South Africa
Hard coal 0.008 kg South Africa

Electricity, medium voltage 0.350 kWh South Africa
Water, unspecified natural origin 0.052 m3 South Africa

Water, cooling, unspecified natural origin 0.056 m3 South Africa

Paper distribution Paper distri- Transport, freight, lorry 16-32 metric ton, EURO III 41.561 ton.km Global
transport bution transport

Printed paper Printed paper Paper, woodfree, coated 1.385 kWh South Africa
Electricity, low voltage 0.717 kWh South Africa

Personal trans- Personal trans- Transport, passenger car, medium size, petrol, EURO III 1.905 km Global
portation portation

Waste Waste Treatment of municipal solid waste, landfill 1.000 kg Global
management management

Figure 2: Print system boundary



(Google Maps, 2014), from Durban to printing
houses in Cape Town (Chamberlain et al., 2005).

Printing
The publishing and printing process is assumed to
be similar to international procedures, so interna-
tional data was used for this process stage. Only the
electricity mix was changed to represent the South
African electricity mix. Distribution transport was
excluded.

Personal transportation
The personal transportation stage accounts for the
consumer travelling in a personal vehicle to a book-
shop to purchase books. For modelling the impacts
of personal transportation, the data on emissions
from EURO III vehicles was used, as South Africa’s
vehicle parc is a mixture of EURO III and IV vehicles
(National Association of Automobile Manufacturers
of South Africa, 2012). It was assumed that four
two-way trips of 10 km each (Prinsloo, 2010) are
made over the four-year period.

Printed paper book use
No impacts have been assumed with the reading of
books. 

Waste management
Although paper recovery rates in South Africa are
high, the recycling of paper or use of recovered
paper is not considered in this study as South Africa
uses only virgin fibres in the production of writing
paper grades and recycled paper is used to manu-
facture other grades of paper (Sappi, 2003). Hence

the benefits of more than one life cycle for recycled
paper have been omitted from this study.

2.4.2 Digital system
The life cycle of the iPad consists of the following
stages:
• iPad production;
• e-book formatting;
• e-book downloading;
• distribution transportation of the iPad;
• personal transportation;
• use of e-books and the iPad; and
• waste management.
The system boundary is illustrated in Figure 3. The
associated inventory data is shown in Table 2, with
the assumptions that underpin this data being pre-
sented below.

Production of the iPad
The iPad is assembled in Foxconn’s Chinese facto-
ries, so the Chinese mixes from the Ecoinvent v3.01
database were used for all materials where avail-
able. Where Chinese data is not available an aver-
age global mix was used. The mass of the iPad was
entered as per the iPad Environmental Report
(Apple, 2013). The energy and materials associated
with the assembly of the iPad were not included as
processes in this stage.

Distribution of the i-Pad
The distribution stage only included transportation
of the iPad. The iPad is first shipped 32 500 km
from China to South Africa via the regional distribu-
tion centre in the United Kingdom, and then trans-
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Table 2: Digital system data inventory for 21 e-books

Stage Process Input Value Data regional 
source

iPad production iPad Flat glass, coated 61 g Rest of Europe
The LCD unmounted 109 g Global

Aluminium, wrought alloy 86 g Rest of world
Battery cell, Li-ion 161 g China

Acrylonitrile-butadiene-styrene copolymer 33 g Rest of world
Polystyrene, general purpose 66 g Rest of world

Corrugated board box 166 g Rest of world
Integrated circuit, logic type 24 g Global

Integrated circuit, memory type 8 g Global

iPad distribution iPad distribution Transport, freight, sea, transoceanic ship 5.73 ton.km Global
transportation transportation

Transport, freight, lorry 16-32 metric ton, EURO III 0.24 ton.km Global

Personal trans- Personal trans- Transport, passenger car, medium size, petrol 10 km Global
portation portation

Use E-book formatting Operation, computer, desktop, office use 0.05 hr Global

E-book download Electricity, low voltage 8.47 Wh South Africa

E-book reading Electricity, low voltage 19.9 Wh South Africa

Waste managementWaste management Municipal solid waste (waste scenario) 100% Global



ported from Durban harbour (Maharaj, 2013) to
Cape Town via truck, a distance of 1 630 km
(Google Maps, 2014).

E-book formatting
It is assumed that each e-book is formatted for 50
hours using a computer as per Achachlouei et al.
(2013). A further assumption is that one e-book is
formatted for a 1 000 readers, i.e. 250 students per
year for four years. It is assumed that the e-book will
be used over the four-year period and will not
undergo subsequent revisions.

E-book downloading
The e-book downloading impact is based on energy
use to download the book by the user modem and
router, access network DSLAM, internet, data cen-
tre, cables and operational activities as per
Malmodin et al. (2011). It is also recognised that
internet operations and connections are faster and
more advanced in Europe than in South Africa, but
this consideration is not addressed further in this
study, which assumes users to be in middle- and
high-income households which can afford high
internet bandwidth speed connections. Only the
energy usage is modelled for this lifecycle stage. No
telecommunications infrastructure associated with
the downloading is included.

Personal transportation
The personal transportation stage is the same as
that for the purchasing of the books except that only
one trip is made for purchasing the iPad. 

E-book reading
The impact of charging an i-Pad for reading an e-
book is included in the study, based on the battery
life of an i-Pad and the time spent reading. This is
described in further detail below. 

Waste management
After use, most iPad components avoid landfill. It is
assumed that only the battery and packaging of the
iPad is sent to landfill (DEA, 2012). Whilst previous
studies indicate that up to 80% of electronic devices
can be recovered and recycled (Achachlouei et al.,
2013), this study does not account for these bene-
fits. The recovery stage is excluded because recov-
ered materials will not be shipped back to China but
will rather be used in making other products with
different applications; as this study deals only with
the iPad it would not make sense to include the life-
cycle of another product.

2.5 Function, functional unit and 
reference flows
The study was based on the University of Cape
Town Commerce degree booklist that prescribes 21
books over a four-year period. The functional unit
can be described as ‘the reading of 21 books by a
single user two hours per day over a four-year peri-
od’.

The reference flow for the print system is 25.4 kg
of paper required for the 21 books, and for the dig-
ital system it is the energy required to download
and read 21 e-books, which is 13 733 Wh, based
on Taylor and Koomey (2012).

2.6 Allocation procedure
Whilst there is no allocation required for the printed
system, the digital system does have an applied
allocation based on use. The iPad is a multifunc-
tional device and this study assumes that it is used
for reading for 2 out of 3.1 hours per day, or 64.5%
of the time that the iPad is in use. The allocation
percentage was applied to the production, distribu-
tion and retail transportation associated with the
iPad to reflect the potential impacts due to just read-
ing.

2.7 Impact assessment
SimaPro v 8.1 was used for this study. Since this
study is concerned with just the environmental
impacts and the energy demands of the print and
digital system, two methods have been selected,
namely the ReCiPe 1.09 midpoint hierarchist
method for the environmental impacts and the
cumulative energy demand (CED) method for the
energy demand. The ReCiPe 1.09 method is one of
the many different methods used in LCA, and has
the advantage of being able to provide the user with
both midpoint and endpoint indicators. The mid-
point characterisation method can be described as
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‘a parameter in the cause-effect chain that or net-
work (environmental mechanism) that is between
the inventory data and the category endpoints’,
while endpoint characterisations factors are com-
puted to indicate ‘differences between the stressors
at an end-point at a cause effect-chain and may be
of direct relevance to society’s understanding of the
final effect’ (Bare et. al, 2000). An example of a
midpoint category indicator would be global warm-
ing potential in terms of CO2 equivalents for the
impact category for climate change, whilst for the
same impact category the endpoint is damage to
human health and ecosystems. In this study, how-
ever, only midpoint impact category indicators are
being used to characterise environmental impacts. 

Cumulative energy demand is described as ‘the
entire demand, valued as primary energy, which
arises in connection with the production, use and
disposal of economic goods (product or service) or
which may be attributed to it respectively in a casu-
al relation’ (Frischknecht et al., 2003). It thus focus-
es on a single parameter in the product’s life cycle,
represented in a commonly understood metric. 

3. Results and discussion
3.1 Base case assessment
The results for the life cycle impact assessments
using the ReCiPe midpoint method are shown in
Table 4. Print can be seen to have lower impacts
than the digital system in the categories of freshwa-
ter eutrophication, freshwater ecotoxicity, marine
ecotoxicity, and metal depletion, whilst the digital

system has lower impacts in the categories of cli-
mate change, ozone depletion, terrestrial acidifica-
tion, marine eutrophication, human toxicity, photo-
chemical oxidant formation, particulate matter for-
mation, terrestrial ecotoxicity, ionising radiation,
agricultural land occupation, urban land occupa-
tion, natural land transformation, water depletion
and fossil fuel depletion.

The findings regarding global warming potential
of the digital system as compared to the print sys-
tem are contrary to those of Enroth (2009). The
results of this study indicate that the print system’s
global warming potential is approximately 251%
greater than the digital system’s, whilst Enroth’s
results suggest that the global warming potential of
the digital system is 10 times that of the print sys-
tem. An increase in the amount of paper per book
would decrease this gap. This study used an aver-
age book weight of 1.2 kg whilst Enroth used an
average book weight of 0.8kg; this is taken to be the
main cause of the different results. Another con-
tributing factor is the difference in the energy mix
between the two systems. South Africa’s energy mix
is more dependent on fossil fuel than that of
Sweden, where Enroth’s study was conducted. The
findings of this study are also aligned with those of
Moberg et al. (2011) who indicated that the digital
e-book system with a lifetime of two years was pre-
ferred to the print system in terms of energy, abiotic
depletion potential, global warming potential, ter-
restrial ecotoxicity potential, human toxicity poten-
tial and terrestrial toxicity potential.
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Table 4: Results of the life cycle assessment 

Characterisation factor name Unit Base case Base case IRP energy IRP energy No. of users for
print system digital system mix scenario mix scenario print system to

print system digital system equal or better
digital system

Global warming potential kg CO2 eq 132.0 375.0 122.0 33.1 3

Ozone depletion potential kg CFC-11 eq 0.00000512 0.00000118 0.00000557 0.00000139 7

Terrestrial acidification potential kg SO2 eq 0.724 0.289 0.633 0.247 2

Freshwater eutrophication potential kg P eq 0.00935 0.0210 0.00847 0.0206 1

Marine eutrophication potential kg N eq 0.0951 0.0244 0.9935 0.0237 6

Human toxicity potential kg 1,4-DB eq 8.38 5.21 8.19 5.12 4

Photochemical oxidant formation kg NMVOC 0.629 0.166 0.584 0.145 3

Particulate matter formation potential kg PM10 eq 0.276 0.0892 0.253 0.0784 3

Terrestrial ecotoxicity potential kg 1,4-DB eq 0.0199 0.00246 0.0198 0.00242

Freshwater ecotoxicity potential kg 1,4-DB eq 0.0629 0.206 0.0626 0.206 1

Marine ecotoxicity potential kg 1,4-DB eq 0.0829 0.272 0.0816 0.271 1

Ionising radiation potential kBq U235 eq 3.27 1.36 4.23 1.80 3

Agricultural land occupation potential m2a 462.0 0.557 462.0 0.547

Urban land occupation potential m2a 4.50 0.249 0.249 0.237

Natural land Transformation Potential m2 0.0347 0.00117 0.00117 0.00113

Water depletion potential m3 193.0 86.2 86.2 85.7 4

Mineral resource depletion potential kg Fe eq 0.465 15.2 15.2 15.2 1

Fossil resource depletion potential kg oil eq 32.2 9.58 9.58 8.47 3



The land use impacts for the print system are
also noted to be much larger than those of the dig-
ital system. The print system impact is approximate-
ly 827 times greater for agricultural land occupa-
tion, 17 times greater for urban land occupation
and 29 times greater for natural land transforma-
tion. This would be expected, given the large land
areas required for forestry.

The main observations regarding the print sys-
tem can be summarised as follows:
• Paper production featured as a prominent stage

in all categories except in agricultural land occu-
pation and urban land occupation. 

• Printing is also prominent, featuring in all cate-
gories except in agricultural and urban land
occupation, and natural land transformation.

• Pulpwood is the major contributing stage in the
impact categories concerning land use such as
agricultural land occupation and urban land
occupation.

• Personal transportation is a major contributor in
ozone depletion, marine ecotoxicity, ionising
radiation and fossil depletion.

• Waste management is the biggest contributor in
marine eutrophication and global warming con-
tributing to 46% and 15% of the total potential,
respectively.

The following notes relate to contributions of the
different life cycle stages to each impact category as
shown in Table 4.
• The production of the iPad features as the major

contributor in most impact categories. Impact
categories almost entirely attributed to the pro-
duction stage are metal depletion potential,
freshwater eutrophication potential, marine eco-
toxicity, freshwater ecotoxicity and agricultural
land occupation. 

• The e-book reading stage was the second-great-
est contributor of impact potential. It has a large
impact in global warming potential, terrestrial
acidification potential, photochemical oxidation

formation potential, particulate matter forma-
tion potential and fossil resource depletion
potential.

• Personal transportation has a notable impact in
global warming potential, ozone depletion, ter-
restrial ecotoxicity, ionising radiation, and fossil
depletion. 

• In comparison to the above stages, e-book for-
matting and downloading contribute little or
nothing to any of the impact potentials.

3.2 Base case cumulative energy demand
The results from the CED analyses are shown in
Table 5, which shows that the print system requires
approximately three times more energy (1 525 MJ)
to offer the same service as the digital system (473
MJ). This result is similar to the findings of Moberg
et al. (2011) who report a difference of approxi-
mately 3.5 times.

The paper and printing processes are responsi-
ble for the greatest energy demand contribution to
the life cycle of the paper system, contributing 41%
and 39% respectively to the total life cycle energy
demand (Figure 4). These results are in line with
Enroth (2009) who suggests that half the energy
demand for printed textbooks is within the paper
and pulp production stage and a further 35% is
consumed in printing.

In the digital system, the production of the iPad
is the most prominent process, contributing 53% of
the total CED. This is followed by e-book reading,
which contributes 37% (Figure 5). These results
seem to agree with the findings of Moberg et al.
(2011) who also indicate that the production stage
of the electronic device is the most prominent in
energy consumption. According to the CED calcu-
lations, 94% of the print system energy is provided
by fossil fuels and approximately 6% is from nuclear
energy, whilst in the digital system 87% of the CED
is obtained from fossil fuel and 13% from nuclear
fuel. This observation is as a result of the print sys-
tem being largely dependent on the South African
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Table 5: Results of cumulative energy demand analysis

Print system Digital system

Process Base case energy IRP energy Process Base case IRP energy
(MJ) (MJ) energy (MJ) (MJ)

Pulpwood 31 31 iPad production 251 251

Pulp 19 18 iPad distribution 1 1
transportation

Paper 617 597 Personal transportation 41 41

Paper distribution 96 96 E-book formatting 0 0
transportation

Printing 594 563 E-book downloading 2 2

Personal transportation 166 166 E-book reading 176 153

Waste management 4 4 Waste management 0 0

Total 1525 1474 Total 473 450



electricity mix, while the digital system is dependent
on a global, and to some extent a Chinese, electric-
ity mix (which are both less coal-dependent than
the South African mix). 

3.3 The IRP energy mix scenario
The introduction of a new energy mix as proposed
in the ‘policy-adjusted IRP’ scenario for 2030
reduces the relative difference of the impacts
between the digital and print systems, in most
impact categories, as seen in Table 4. The 2030 IRP
mix assumes a greater reliance on nuclear energy
and renewable energy and a reduced reliance on
coal energy. Coal processes feature in most of the
impact categories as a significant contributor to the
impact potentials. The CED (Table 5) for renewable
energy sources is less than that of fossil fuels
because of the less energy-intensive processes
upstream. By changing the electricity mix, the way
in which the demand is met also changes, and
hence the cumulative energy demand changes.

The print system improves relative to the digital
system when compared to the base case for certain
of the impact categories, being ozone depletion and

agricultural land occupation. There is little or no
change to terrestrial acidification, metal depletion,
water depletion, marine ecotoxicity, freshwater eco-
toxicity and ionising radiation. The impact cate-
gories that see relative increases between the print
and the digital system are global warming potential,
fossil depletion, urban land occupation, photo-
chemical oxidation formation, freshwater eutrophi-
cation and terrestrial acidification. The changes in
the results can be attributed to the increase in the
use of gas for proposed gas power plants and also
from the nuclear fuel, energy production and waste
that come with the increased use of nuclear power,
as proposed in the IRP electricity energy mix.

The CED results in Table 5 indicate that the
change to the 2030 IRP electricity energy mix has a
positive impact on both systems, with the print sys-
tem having a total reduced CED of 3% and the dig-
ital system having a total CED reduction of 5%.
Since the CED is met with fewer inputs of primary
energy commodities, the stages that are most
dependent on electricity in the print system, paper
and printed paper, have reduced cumulative energy
demands. The pulpwood, book distribution trans-
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Figure 4: Print system cumulative energy demand (MJ)

Figure 5: Digital system cumulative energy demand (MJ)



portation, personal transportation and waste man-
agement are not affected. 

3.4 Multiple users per book scenario
The break-even point is defined here as a measure
of the point at which the number of users sharing
books causes the print system to have lower impact
than the digital system. This point differs between
the different impact categories (Table 4). As indicat-
ed previously, in the impact categories of freshwater
eutrophication, freshwater ecotoxicity, marine eco-
toxicity and metal depletion, even with one user per
book the digital system impacts are greater than
those of the print system. Two users per system is
the break-even point for the impact category of ter-
restrial acidification; three users per system is the
break-even point for climate change, photochemi-
cal oxidant formation, particulate matter formation,
ionising radiation and fossil depletion; four users
per system is the break-even point for water deple-
tion and human toxicity potential; six users per sys-
tem is the break-even point for marine eutrophica-
tion; and seven users per system is the break-even
point for ozone depletion. The impact categories
associated with land cannot reach the break-even
point within the maximum of eight users. This can
be explained by the print system using a large
amount of wood and hence the impacts associated
with land use for the forest wood plantations are far
greater than the digital system, which depends
more on metal and mineral resources.

The LCA results thus suggest that a book used in
a library could prove environmentally preferred to
reading an e-book on iPads, for the same number
of users. The greater the number of users per book,
the more beneficial it is to read from a printed book.
This result confirms the findings of Kozak (2003),
Gard and Keoleian (2003) and Toffel and Hovarth
(2004). The CED results also indicate that the print
system is increasingly favoured as the number of
users increase. In contrast, the digital system energy
demand increases almost linearly with each addi-
tional user as would be expected. The break-even
point for the number of users seems to be approxi-
mately three users sharing their books. The CED
results thus also indicate that reading a printed book
in a library could, for a large number of users, prove
more environmentally preferred and be less energy
demanding than reading e-books on an iPad.

4. Conclusions and recommendations
The objective of the study was to establish which of
the systems, digital or print, had less of an environ-
mental and energy demand impact. The initial
hypothesis of this study was that reading 21 e-
books from an iPad would have a smaller environ-
mental impact and energy consumption than read-
ing them in printed form. 

When the two systems are compared in terms of

impact potentials, the digital system emerges as the
environmentally preferred system for certain impact
categories, including climate change, ozone deple-
tion, terrestrial acidification, marine eutrophication,
human toxicity, photochemical oxidant formation,
particulate matter formation, terrestrial ecotoxicity,
ionising radiation, agricultural land occupation,
urban land occupation, natural land transforma-
tion, water depletion and fossil depletion. The
study’s initial hypothesis is therefore proved partial-
ly correct, as each system is preferable in terms of
certain impacts.

The stages with the highest contribution to the
impact potentials and cumulative energy demand
for the print system are the printing and paper
stages. Electricity produced in South Africa using
hard coal also features as a one of the main con-
tributing processes in these stages. Mining also fea-
tures prominently in fossil depletion potential and
urban land occupation, and the disposal of coal-
mining waste is the main contributing process for
freshwater eutrophication potential.

The other major finding is that the print system
has much larger land-based impacts than the digital
system, because of the large amount of wood need-
ed to produce books. The impact potentials for agri-
cultural land occupation, urban land occupation,
and natural land transformation are significantly
higher for the print than the digital system.

The digital system is influenced by both local
and international processes. The iPad production
stage is the prominent contributor in most impact
categories. The e-book reading stage is the second-
greatest contributor in terms of impact potentials. It
has a large impact in global warming potential, ter-
restrial acidification potential, photochemical oxida-
tion formation potential, particulate matter forma-
tion potential and fossil resource depletion poten-
tial. The main processes are the production of elec-
tricity using coal, coal-mining and coal waste dis-
posal. The digital system is also dependent on coal
processes because it is based on the Chinese elec-
tricity mix, which has a large dependency on coal
(although recognising this dependence is not as
high as South Africa’s). In the digital system, the
production of the iPad in China has the greatest
energy demand and is responsible for 53% of the
total cumulative energy demand, followed by e-
book reading (37%).

The results of the IRP ‘adjusted policy’ scenario
reveal that the IRP electricity mix change reduces
the environmental impacts and cumulative energy
demand of both systems. As expected, however, the
digital system realised a greater reduction.

The final scenario assessed the effects of multi-
ple users reading each book. The break-even point
was reached for most impact categories at four
users whilst a break-even point for impacts associat-
ed with land-use could not be reached even with
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eight users. This was because the print system has a
much greater reliance on wood products compared
to the digital system, and even with multiple users
this gap cannot be overcome. 

Reading e-books from an iPad could be encour-
aged in universities because the findings of this
study suggest that the environmental impact of e-
books read on iPads is less than that of reading
printed books. However, this will depend to an
extent on the amount of reading material and
whether the re-use of books or sourcing books from
the library is actively promoted at the university.
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