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Abstract

The wind energy sector is one of the most promi-
nent sectors of the renewable energy industry.
However, its dependence on meteorological factors
subjects it to climate change. Studies analysing the
impact of climate change on wind resources usually
only model changes in wind speed. Two elements
that have to be calculated in addition to wind speed
changes are Annual Energy Production (AEP) and
Power Density (PD). This is not only because of the
inherent variability between wind speed and wind
power generated, but also because of the relative
magnitudes of change in energy potentially generat-
ed at different areas under varied wind climates. In
this study, it was assumed that two separate loca-
tions would experience a 10% wind speed increase
after McInnes et al. (2010). Given the two locations’
different wind speed distributions, a wind speed
increase equal in magnitude is not equivalent to
similar magnitudes of change in potential energy
production in these areas. This paper demonstrates
this fact for each of the case studies. It is of general
interest to the energy field and is of value since very
little literature exists in the Southern African context
on climate change- or variability-effects on the
(wind) energy sector. Energy output is therefore
dependent not only on wind speed, but also wind
turbine characteristics. The importance of including
wind power curves and wind turbine generator
capacity in wind resource analysis is emphasised.

Keywords: wind resource, annual energy produc-
tion, Calvinia, Alexander Bay

1. Background

1.1 The need for renewable energy in South

Africa

South Africa is a signatory to the United Nations
Framework Convention on Climate Change
(UNFCCC); the country committed to reducing
greenhouse gas (GHG) emissions by 42% by 2025
(DEA, 2010). Apart from the climate change ques-
tion, the necessity for the expansion and tweaking
of South Africa’s energy resource industry has been
marked by the electricity crisis of 2008 (Bayliss,
2008). 

The Department of Science and Technology has
acknowledged the exigency of utilizing additional
resources (Brent & Pretorius, 2011). A target of
3725 MW from renewable resources has been
established by the Department of Energy (DoE)
(IPP Procurement Programme, 2012). The
Renewable Energy Independent Power Producer
Procurement Program (REIPPPP) has been created
to support this target and to encourage growth of
the renewable energy industry in South Africa. In
the first round of the REIPPPP, 634 MW of wind
power was awarded to eight Preferred Bidders at an
average R1.14/kWh, and in the second round,
562.4 MW was awarded by the DoE to seven
planned wind farms at R0.89/kWh. The REIPPPP
aims to have 1850MW wind power capacity con-
nected to the grid by the end of 2016 (Hagemann,
2013). 

The sources of renewable energies are locally
available and can contribute to moderating fossil
fuel dependency (Balat, 2009). In support of GHG
reduction targets wind power requires no fossil fuels
to continue operation, does not emit GHGs directly
when producing electricity, uses basic materials in
construction and transportation, and does not
require the circulation of large amounts of water for
cooling during the generation process (Kaygusuz,
2009; Diamond, 2011). 

2 Journal of Energy in Southern Africa  •  Vol 25 No 3 • August 2014

A case study of climate variability effects on wind

resources in South Africa

Lynette Herbst

Jörg Lalk
Department of Engineering and Technology Management, Graduate School of Technology Management,

University of Pretoria



1.2 Feasibility of wind energy technology

Securing financial support for wind energy projects
is often harder than for conventional power proj-
ects. It is therefore imperative to have a thorough
knowledge of a country’s complete wind resource,
as well as access to dependable methods for wind
farm siting (Petersen et al., 1998). Wind character-
istics must be investigated exhaustively at potential
sites (Gungor & Eskin, 2008). 

One of the most crucial hindrances in the
exploitation of global wind power is the lack of
steadfast wind resource data. This is vital for gov-
ernment and industry to establish wind power
potential (Hammons, 2004). Mitigating this prob-
lem will help determine whether wind power is
worth consideration as a large-scale contributor to
gridded electricity, especially in a country like South
Africa, where renewables are primarily restricted to
the off-grid sector (Winkler, 2005).

1.3 Climate variability and wind resources

Weather patterns shift yearly between successive
decades. Variability is an inherent component of cli-
mate which must be taken into consideration when
assessing the fiscal viability of wind power
(Petersen, et al., 1998). If South Africa is to reach its
goal of GHG mitigations between 2020 and 2025,
then 27% of the electricity supply should be con-
tributed by renewable energy sources, with wind
energy contributing a capacity of 14 GW by 2030
(Winkler, 2007 in Edkins, et al., 2010). 

A number of wind characteristics could change
as a result of natural or anthropogenic climate
change, of which speed and direction are most
commonly modelled. Shifting probabilities of
extreme wind speeds have also been evident in
some studies (Pryor et al., 2005; McInnes et al.,
2011). In the Southern African region, a number of
studies indicate possible changes in circulatory sys-
tems or the components impacting them (Rouault et
al., 2009; Hänsler, 2011; Jury, 2013). For large
parts of South Africa (including the Northern Cape
and Western Cape), a 10% increase in wind speed
can be expected relative to a 1981-2100 control
period at 10m above ground level (agl) (McInness
et al., 2011).

To be able to supply electricity reliably and at
affordable rates, one needs to assess wind charac-
teristics and wind energy in detail (Li, 2011 in
Ayodele et al., 2013), which translates to collecting
information on wind distribution and wind power
potential in South Africa (Ayodele, et al., 2013).

1.4 Considerations in wind resource

assessment

The power available from the wind is dependent on
cubed wind speed and is proportional to air density:

P = ½ • ρ • A • v3 (1)

where P is electrical power, ρ is air density, A is the
surface area of the wind turbine rotor and v is the
wind speed. A number of wind resource assessment
studies mention this equation as an indicator of
wind energy (Sailor et al., 2008; Hocao�lu &
Kurban, 2009; Orosa et al., 2012). However, this
equation only describes the amount of mechanical
power in moving air (Hocao�lu & Kurban, 2009),
and not the electricity that could be extracted from
moving air. In fact, numerous studies that test the
effect of climate change on wind energy resources
focus solely on wind speed changes, and thus only
the total potential available energy in wind (Breslow
& Sailor, 2002; Sailor et al., 2008; Pereira de
Lucena et al., 2010; Nolan et al., 2011; Pašičko, et
al., 2012), without taking into consideration other
factors important in understanding how much of
this potential is really available for transmission as
electricity, such as wind turbine capacity factors.

The amount of electricity generated from the
potential energy in wind is a function of the wind
turbine’s power curve (showing wind power gener-
ation as a function of wind speed) as well as wind
shear or the wind speed distribution, described by
Weibull probability distribution functions (pdf)
(Pereira de Lucena et al., 2010). 

When assessing an area’s wind resource, one
must, therefore, consider the influence of wind tur-
bines themselves on the amount of electrical energy
that can be extracted from the kinetic energy avail-
able in the wind. Wind turbine generator efficiency
and mechanical transmission efficiency, for
instance, also play a role in the electrical power out-
put of a particular turbine (Ayodele et al., 2012).

Changes in climate could possibly have two
main effects on wind power plants: a change in
mean wind speed could influence electricity pro-
duced as well as the timing and the period for which
a plant can operate; and increased maximum wind
speeds could affect the safety and reliability of
turbines (Pašičko et al., 2012). The aim of this study
in particular was to determine whether energy pro-
duction from wind resources can change over time
due to climate change itself with the objective of
quantifying the AEP and PD using data on two ran-
domly selected locations in South Africa, assuming
the 10% wind speed increase mentioned before.
The two randomly selected locations represent the
two case studies alluded to before.

At this point we should point out that an inher-
ent discrepancy exists between turbine lifespan
(±20 years) and climate change projection horizons
(±100 years). To reiterate the objective of the
study: the effects of climate variability on wind
speed and consequently wind energy are tested
here. Wind turbine characteristics are included in
this study purely as a tool to describe energy output
from particular wind resources, not to test how a
given turbine will perform many years from now.
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2. Literature review

A number of studies based on circulation models
have found changes in wind speeds over an extend-
ed period. In France’s Northwest region, for
instance, increases of up to 2.6% and decreases of
up to 5.8% in its Mediterranean region can be
expected between 2046 and 2065 (Najac  et al.,
2011). Nolan et al. (2011) assessed the impact of
climate change on Ireland’s wind resource using a
Regional Climate Model (RCM) simulation ensem-
ble for 2021 to 2060. For this study, winter wind
speeds were projected to increase by up to 3.5%
and summer wind speeds decrease by up to 5%.
Pašičko et al. (2012) found a significant change in
wind speeds during summer in coastal and neigh-
bouring areas of Croatia: an increase of 20% in the
mean wind speed is projected for 2011-2040, and
more than 50% for 2041-2070. Breslow and Sailor
(2002) used General Circulation Models (GCMs) to
predict wind speed reductions of 1.0% to 3.2% in
the next 40 years; and 1.4% to 4.5% over the next
90 years in the United States. A similar study by
Sailor et al. (2008) using statistically downscaled
output from four GCMs found that summertime
wind speeds in the region may decrease by 5–10%,
while wintertime wind speeds may decrease by rel-
atively little, or possibly increase slightly in the
north-western United States. Pereira de Lucena et
al. (2010) projected wind speed increases of more
than 20% over north-eastern Brazil, and decreases
of more than 20% in a smaller part of north-west-
ern Brazil in 2071-2100. A paper by Pryor et al.
(2005) predicts that near-surface wind speeds for
2071-2100 are expected to increase in most parts of
northern Europe by 5-10%.

Diamond (2011) discusses how climate change
induced wind patterns and turbine productivity
could affect financial risk mitigation measures and
how these may have to be re-evaluated. She rec-
ommends that wind project developers take the
effects of climate change into account if wind farms
are to remain profitable for their entire lifetimes. If
turbines are shut down to avoid damage from
extreme winds, less energy is produced from utility-
scale wind turbines. She further warns that wind
farm developers may have unrealistic expectations
of turbine output if they are unaware of future wind
patterns.

Similar studies have not been performed for
South Africa. The study described by this paper rep-
resents the first results of what promises to become
an expanded research project.

3. Methodology

In this study, WAsP™ was employed as modelling
and simulation tool to combine meteorological data
with digital surface roughness and height contour
data to determine potential AEP and PD in two
regions at specified heights. Similarly, potential AEP
and PD under different wind speed conditions were
determined after wind speeds were modified based
on previous work on wind speed changes according
to 19 GCMs (McInnes, et al, 2011).

Two locations on the west coast of South Africa
within the WASA domain (Figure 1) were selected
for analysis in the latest version (11) of WAsP™.
Their Weibull pdfs are shown in Figures 2 and
3.Observed wind data collected close to these areas
were used in the study to model the current and
projected situation regarding energy production
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Figure 1: The WASA domain, demarcated by a black line. The two selected sites are located within

this region and are indicated by boxes 

Source: Adapted from WASA (2012)



from wind. This part of the method is similar to that
of Hocaoglu and Kurban, (2009), where data meas-
ured at a site was employed to estimate a wind
resource at that exact same site. Projected wind
speeds were determined by modifying observed
wind data according to projected changes in wind
speeds.

3.1 Wind data

The use of raw wind data is preferred in WAsP™, as
it allows for the detection of errors in the data which
may be indiscernible in data summaries (DTU,
2013). It is also recommended that data of at least
one year, with ten minute averages of wind data is
selected. Raw wind data was therefore downloaded
from the Wind Atlas of South Africa’s website for
WM01 Alexander Bay and WM02 Calvinia
(http://wasadata.csir.co.za/wasa1/WASAData)
(CSIR, 2010). ‘WM01 Alexander Bay’ and ‘WM02
Calvinia’ refers to the names of the masts from
where data was collected, and are located at

28°36’06.7”S, 16°39’51.9”E and 31°31’29.7”S,
19°21’38.7”E respectively. The elevations of WM01
and WM02 are 2m and 543m respectively.

The data employed in the study was collected
between October 2010 and September 2012 (at
most only two years’ worth of data was available at
the time that the study took place). To create data
files for at least one whole year, the data from sub-
sequent months were concatenated into a single file
by importing the data as text files into the starting
month’s (October) file in MS Excel. Four such files
were created – October 2010 to September 2011
and October 2011 to September 2012 files for both
Alexander Bay and Calvinia.

In order to make said modifications to the
observed data for the future scenario, winds meas-
ured at 10m height were employed throughout.
Measured wind speeds at 10m were used because
projections were only available for this height agl.
Wind speeds at 60m were calculated from 10m
winds so as to provide measurements at a height
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that is as close as possible to average wind turbine
hub heights, but also at a height comparable to the
observed data. The common power law was
employed in the calculation of wind speed at 60m:

νH = νref • (H/Href)
µ (2)

where νH denotes the wind speed (in m/s) at a given
height H (in m), νref is the wind speed (m/s) at a ref-
erence height Href (usually of 10m), and α is the
wind shear coefficient (Honrubia, et al., 2010) with
1.7 used in this case as the masts are located on
fairly flat terrain (Ray, 2006). A wind shear coeffi-
cient of 1.7 was used as is often approximated by
the European Wind Atlas for open, flat sites
(Cavallo, et al., 1993). The wind shear coefficient
changes with time of day, wind direction and
atmospheric stability, and should therefore be kept
in mind when interpreting the results. 

An increase in 10m wind speeds was assumed
based on the work of McInnes, et al. (2011). They
found that, in the region including the Alexander
Bay and Calvinia anemometers, an increase of at
least 10% in mean wind speeds at 10m could be
expected in 2081-2100 (66% of the data from the

GCMs agreed upon the sign of change in wind
speed). Dominant wind directions are also predict-
ed to change; this aspect will be addressed in on-
going research. To create the modified/future data
sets, 10m winds were increased by 10% and conse-
quently converted to 60m winds using Eq. (2).

To create Observed Wind Climate (.owc) files
that are compatible with WAsP, the raw data was
processed in WAsP Climate Analyst 2. This process
included the creation of a so-called ‘protocol’, for
which time stamps and only necessary wind speed
and direction data were extracted from the raw
data. Observed Wind Climate files were created
using data from October 2010 to September 2012,
and then exported for use in WAsP™ after the gen-
eration report was scrutinised for possible errors in
the importation process.

3.2 Orography and roughness data

‘Orography’ refers to terrain height (elevation) vari-
ations, such as mountainous areas or smooth hills,
whereas ‘roughness’ refers to terrain surface char-
acteristics, such as vegetation, water or buildings
(Mortensen et al., 2011). Orography is represented
by height contour lines, indicating the elevation
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Figure 5: Calvinia’s ‘cut’ 0.4º x 0.4º tile in (a) raster and (b) vector formats

Figure 4: Alexander Bay’s ‘cut’ 0.4º x 0.4º tile in (a) raster- and (b) vector formats



above mean sea level. Elevation data was down-
loaded as Shuttle Radar Topography Mission data
from http://dds.cr.usgs.gov/srtm/version2_1/SRTM3
/Africa/. These files are provided as 1º x 1º tiles of
digital elevation models (DEMs) and are therefore
in raster format (see Figure 4,5 (a)). 

Tiles including Alexander Bay and Calvinia were
processed in the SAGA (System for Automated
Geo-scientific Analyses) GIS. Firstly, the tiles were
‘cut’ into smaller areas of ± 0.4º x 0.4º (Figure 4, 5
(a)). They were then converted to vector format
(Figure. 4, 5 (b)) for use in WAsP Map Editor 10.

Using WAsP™ 11, the area was then located in
Google Earth (GE). GE-images could then be used
as background images for the demarcation of areas
of different land cover (roughness). The areas of dif-
ferent land cover were demarcated as polygons,
and internal and external roughness lengths were
specified for each polygon (WASA, 2012). After
checking and correcting for errors (cross-points of
lines, for instance), the map could be exported for
use in WAsP. Hence, a single map contained both
elevation and roughness data.

3.3 Wind turbine generator files

Wind turbine generator files were downloaded from
WAsP’s Power curve download site (WAsP, 2012).
The files provide information on wind turbine gen-
erator performance for particular makes and capac-
ities of wind turbines, such as the amount of power
generated at certain wind speeds (Figure. 6). In this
study, a Vestas V90 2 MW turbine was selected as a
typical wind turbine representation. This turbine is a
popular choice among wind project developers
worldwide – Vestas shares the largest global market
share of wind turbine manufacturers with General
Electric (Bloomberg New Energy Finance, 2013).

3.4 Modelling the wind resource

The elevation/roughness map, observed wind cli-
mate file and wind turbine generator file could then
be combined in WAsP™ 11 to calculate AEP and

PD for a particular resource grid. The resource grid
includes the complete area to be assessed.

4. Results

Table 1 shows the overall AEP and PD of the two
locations under current and projected conditions, as
produced by WAsP™. Relative changes in the two
variables are also indicated.

Note that relative changes in AEP differ for the
two locations assessed, a constant 10% wind speed
increase notwithstanding. Such a difference can be
explained by considering the relative wind speed
distribution functions of the two locations. Calvinia
provides a generally weaker wind resource than
Alexander Bay, but can expect a more dramatic
increase in AEP even if a similar wind speed
increase is projected.
Table 1: AEP and PD in Calvinia and Alexander

Bay

AEP (GWh) PD (W/m2)

Calvinia Reference 4.670 234

Future 5.644 306

Change +17% +24%

Alexander Bay Reference 5.563 392

Future 6.381 518

Change +13% +24%

5. Discussion

In this study, AEP and PD were modelled at 60m
heights based on wind speed increases. These indi-
cators take more factors into account than tradi-
tional studies that only provide indications of wind
speed changes. Electrical power output is given as
follows:

Pe = ½ρACpηmηgν3 (3)

where ρ, A and ν are the same as in Eq. (1), Cp

is the coefficient of performance of the turbine (of
which the maximum value is the Betz limit: 0.59),
ηm  is the mechanical transmission efficiency and ηg
is the generator efficiency. Figure 7 demonstrates
the importance of calculating Pe for wind resource
assessment rather than using only the power avail-
able in wind as an indicator thereof. It has been
observed that considerable variability exists
between wind speed and wind power (Sánchez,
2006) and it is therefore important to bear this type
of uncertainty in mind when interpreting the results
of wind speed projections in the wind energy indus-
try (Jeon & Taylor, 2012). 

The overall AEP and PD are projected to
increase by 17% and 24% in Calvinia respectively;
and by 13% and 24% in Alexander Bay. The differ-
ent magnitudes of change are related to the manner
in which electricity is generated by wind turbines:
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Figure 6: Power curve for Vestas V90 2 MW

wind turbine 

Source: Adapted from WAsP (2012)



there’s not a linear relationship between wind speed
and power generated (Figure 6). The two locations
have different wind speed distributions (Figures 2,
3), translating to different output by the same tur-
bine.

6. Conclusion

Climate change is projected to have a substantial
effect on wind speeds globally. Furthermore, the
geographic distribution and variability of wind
resources may shift as a result of variability in cli-
mate (Pryor & Barthelmie, 2010). The wind
resources of a region is mainly dependent on wind
speed and therefore the amount of energy available
in the wind, as well as local features of the area in
which a particular turbine is located (orography,
surface cover, obstacles etc.) (Honrubia et al.,
2010). The wind resource should be determined on
a small scale in order to avoid incorrect placement
of wind turbines, and the possibility of changing
weather patterns should also be taken into account
when planning wind farm projects. This is especial-
ly important for a long-term view on correct wind
farm positioning.

WAsP™ was employed in this study to model
the effect of possible changes in wind speed on AEP
and PD. Only wind speed was modified, although
in reality, if climates are to change, a number of
other factors may also be affected (this is the topic
of on-going research), consequently impacting on
electricity output from individual wind turbines
and/or wind farms as well. These factors include air
density, heat fluxes and wind direction (Orosa, et
al., 2012). Little projection data is available on
these variables, which were therefore kept constant
during the study. An increase of 10% in all wind
speeds is applied to observed data from October
2010 to September 2012 to represent the modifica-
tion of wind speed. This implies an alteration in the
amount of energy available in the wind (Breslow &
Sailor, 2002).

Studies analysing the impact of climate change
on wind resources usually only model changes in
wind speed. This study took it a step further by
determining how different wind speeds affect AEP
and PD. It provides a more accurate description of
how altered wind speeds could affect that which will
be most important when determining a project’s
feasibility: the electrical energy output. Determining
the AEP in WAsP takes into consideration the
power curve of whichever turbine(s) occur in the
resource grid (area assessed).

WAsP™ models AEP and PD based on the men-
tioned models as well as wind turbine generator
files including power curves. The objectives of
quantifying the relative changes in AEP and PD in
two locations were met. The results emphasise that
a number of factors (such as wind turbine generator
efficiency and mechanical transmission efficiency)
play an important role in the generation of electric-
ity from wind. To get a more complete picture of
wind resources, one must test the feasibility of wind
projects by considering more variables than only
wind speed. Past studies have found significant dis-
crepancies in the relationship between wind speed
and wind power (Sánchez, 2006); this type of
uncertainty must be borne in mind when drawing
conclusions from wind speed projections.

The work carried out in this study is a prelimi-
nary look at possible effects of changes in climate
behaviour on electricity generation. In future it can
be significantly expanded to include larger geo-
graphical areas of the country. Analyses of wind
velocity distribution and/or wind shear may be
included in future work as opposed to only wind
power generation potential as a function of wind
speed. Such expansion is required before the results
of a study such as this one can be used to generalise
for the entire country/region. Nevertheless, its value
lies in quantifying some of the increases in wind
energy resources that could potentially be encoun-
tered. It should therefore serve as motivation for fur-
ther investigation into energy sector diversification
and expansion into areas without grid supply.
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Abstract

Solar illuminance may be quantified by applying
relevant efficacy functions to available full spectrum
ground irradiance. Alternatively, illuminance may
be determined by applying the Photopic function to
ground level irradiance spectra obtained from the
terrestrial irradiance spectrum adjusted using rele-
vant atmospheric absorption and scattering coeffi-
cients. The Photopic function has finite values in the
wavelength range of 400 nm to 700 nm and is con-
centrated around a mean wavelength of 555 nm
with irradiance at wavelengths close to 555 nm con-
tributing to the major portion of illuminance.
Calculation of ground level direct, diffuse and hence
global illuminance is simplified as absorption of irra-
diance in the atmosphere by water vapour and uni-
formly mixed gases is negligible and may be
ignored. It is shown that due to the small variations
in the overall irradiance over wavelengths in the vis-
ible bandwidth combined with the concentration
effect of the Photopic function in this wavelength
range illuminance may be calculated, with good
accuracy, using constant extinction functions for
both direct and diffuse illuminance. Due to the con-
centration of illuminance by the Photopic function
global illuminance data were also correlated with a
simplified description of illuminance attenuation
through the atmosphere based on the Beer-
Lambert-Bouger Law using a single constant effec-
tive extinction coefficient which accounts for all
extinction processes under clear sky conditions over
the visible range of wavelengths. Constants used in
extinction functions for solar irradiance due atmos-
pheric aerosols were obtained by fitting experimen-
tal data to analytical descriptions of atmospheric
extinction while published constants were used for
ozone and Rayleigh scattering. The analytical
descriptions of global illuminance with solar eleva-
tion were compared with experimental data collect-
ed at Johannesburg over both summer and winter
clear sky conditions. Correlations of measured and
calculated global illuminance data for the method
based on extinction of various atmospheric compo-

nents was 4.47 % and 4.49 % for the method based
on the Beer-Lambert-Bouger Law, both normalised
using the terrestrial illuminance constant. While
measurements were made at a specific site in
Gauteng, the methods used to correlate the data are
general and location independent but local climatic
conditions may need to be taken into account to
quantify the extinction coefficients for specific areas.

Keywords: solar, global illuminance, extinction

1. Introduction

In the USA, 35% of electrical power generation is
used for lighting during the day, and in some
regions, it may be as high as 45% (Haliburton,
2005). In South Africa, approximately 22% of the
electrical power consumed in commercial buildings
is used for lighting (Cousins, 2013). It follows that
scope exists to replace lighting powered by electric-
ity with solar illuminance.

It was reported in 2006 that atmospheric con-
centrations of carbon dioxide over the 400 000
years preceding the industrial revolution, covering
four glacial and interglacial cycles, varied cyclically
from lows of 180 ppm to highs of 280-300 ppm
(Fedorov et al., 2006). Since the advent of the
industrial revolution, carbon dioxide concentrations
have increased exponentially and at the turn of the
century were greater than 380 ppm (Fedorov, 2006;
Planetforlife, 2008; Earth Systems Research
Laboratory, 2013). In 2013 atmospheric concentra-
tions of carbon dioxide reached 400 ppm for the
first time since data were recorded (Lund, 2013). It
is becoming increasingly clear that illumination
which does not include the full natural wavelength
spectrum, and specifically the right amount of ultra-
violet light can negatively affect human health and
behaviour (Ott, 1973; Rea, 2002). Preliminary tests
carried out with a spectroradiometer indicated that
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approximately 95% of ultra violet irradiance does
not pass through either 3 mm or 6 mm thick glass
implying that in interior areas where solar illumi-
nance has passed through glass human health
could be at risk.

A concern for the increase in carbon dioxide
concentrations in the atmosphere, and particularly
that due to electrically powered interior lighting is
causing some countries to ban low efficiency incan-
descent light bulbs. Australia (BBC News, 2007)
and Canada (Puxley, 2007) have announced their
intention to ban the use of incandescent lamps in
favour of more efficient light sources. The
Australian Minister of the Environment noted that
this could cut annual greenhouse gas emissions by
4 million tonnes by 2012. To reduce energy con-
sumption in South Africa, Eskom (Electricity Supply
Commission) embarked on a large scale pro-
gramme to exchange Compact Fluorescent Lights
for incandescent light bulbs (Eskom, 2013). Also, in
South Africa, the levy on incandescent light bulbs
was to be increased in 2013 (SARS, 2013), and fur-
ther, the South African Minister of Energy further
stated in December 2011 after the 17th Conference
of the Parties of the UN Framework Convention on
Climate Change (COP17) that incandescent light
bulbs will be banned in South Africa prior to 2016
(IOL News, 2014)

It follows that there are considerable advantages
to be gained by illuminating interior areas using
solar illuminance, preferably with light that has not
passed through glass. This could be achieved by
ducting the direct component of solar illuminance,
perhaps after being concentrated in a parabolic
reflector, into buildings. Problems related to the spo-
radic nature of solar illuminance may be counter-
acted by using hybrid full spectrum lighting systems
in which an electrical complementary light source is
used to maintain a constant level of illumination.
Advantages of using such hybrid systems include a
reduced overall demand for fossil based fuels.

The need for day lighting data which may be
used for interior illumination by architects com-
bined with a general lack of this data prompted the
use of available irradiance data to predict illumi-
nance. Models based on parameters including glob-
al irradiance, diffuse irradiance, solar zenith angle,
turbidity, optical air mass, and precipitable water
were developed to predict luminous efficacy
(Wright et al., 1989; Perez et al., 1987; Perez et al.,
1990; Perez et al., 1993). Luminous efficacy algo-
rithms were used with varying success in countries,
such as, New Zealand (Pohlen et al., 1996),
Garston in the United Kingdom (Littlefair, 1994),
France (Dumortier, 1997), and four European
IMDP stations (Skartveit et al., 1997). To provide
data for day lighting designers the characteristics of
sky luminance, that is luminance from the entire sky
which may be used for interior lighting, was char-

acterised by, for example, Perez et al. (1993),
Littlefair (1994), Darula et al. (2002) and Li et al.
(2007).

Dispersion and absorption of electromagnetic
radiation in the earth’s atmosphere is caused by a
number of mechanisms which are wavelength
dependent (Gates, 1996; ASTM, 2009). At shorter
wavelengths, Rayleigh dispersion of electromagnet-
ic radiation is effected by gas molecules in the
atmosphere with radii typically 1/10 of the wave-
length of the incident wave (Fishbane et al., 1996;
Gates, 1978). Such scattering is highly frequency
dependent and affects shorter wavelength radiation
typical of ultraviolet light to a greater extent than
radiation with longer wavelengths resulting in the
blue colour of the atmosphere and a tendency to
concentrate the remaining irradiance towards
longer wavelengths. Mie scattering of electromag-
netic radiation at all wavelengths by isotropic,
homogeneous, dielectric spheres (Mie scattering,
2013) is the predominant scattering mechanism
when atmospheric particles have an effective diam-
eter greater than the wavelength of the radiation
being scattered (Blue Sky and Rayleigh scattering,
2013). Scattering of irradiance is a function of
wavelength and is not uniform across the irradiance
spectrum. Methods used to correlate illuminance
data quantify the extinction of irradiance by each
relevant factor mentioned above in order to devel-
op a predictive model effective over the visible
range of wavelengths (Leckner, 1978; Bird, 1984;
Gueymard, 2001).

Since dispersion of irradiance is wavelength
dependent and since the research is aimed at char-
acterising illuminance, the illuminance was deter-
mined directly by measuring irradiance over a
wavelength range of 274 nm to 898.5 nm using a
spectroradiometer and applying the Photopic func-
tion (Commission Internationale de l’Eclairage,
1973) standard human eye response to this limited
irradiance range to calculate the illuminance. This
eliminates the practice of measuring irradiance over
wavelengths outside the visible range and then cor-
recting the data to include extinction effects in the
collected irradiance data, a method which was
prompted by the lack of spectral illuminance data,
and the availability of irradiance data, as already
mentioned.

A program to characterise levels of solar illumi-
nance was initiated at the University of Johannes-
burg. The measurements used were collected from
April to December, and their correlation with ana-
lytical prescriptions is presented. The effect of alti-
tude and the consequent reduction in air mass was
included by using the local atmospheric pressure to
adjust the air mass.

Data were correlated with two analytical meth-
ods. The first was based on calculating illuminance
by applying the Photopic function to spectral direct
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and diffuse irradiance reaching the earth’s surface
after Rayleigh scattering, absorption by ozone, and
scattering and absorption by aerosols in the atmos-
phere (Leckner, 1978; Bird, 1984) were taken into
account. The second was based on the Beer-
Lambert-Bouger Law (Beer-Lambert Law, 2013;
Beer’s Law, 2013) to obtain a single effective coef-
ficient to describe the extinction of electromagnetic
radiation through the atmosphere.

2. Analytical background

Method based on wavelength specific

scattering and absorption

Direct illuminance
The analysis is based on a simplification of that pre-
sented by Leckner (Leckner, 1978). An analysis
based on Bird (1984) gave similar results provided
corresponding atmospheric constants were used.
The extinction of direct terrestrial irradiance
(Thekaekara, 1973; Bird, 1984) through the atmos-
phere has been quantified (Leckner, 1978; Bird,
1984, Gueymard, 2001) by providing extinction
coefficients for Rayleigh scattering, ozone absorp-
tion, absorption by uniformly mixed gases, water
vapour absorption, and aerosol attenuation over an
irradiance bandwidth of 290 nm to 4000 nm. The
direct spectral irradiance on a surface element nor-
mal to the sun’s rays at a wavelength  λi is given
(Leckner, 1978) as:

Ei = E0iτriτoziτgiτwiτai (1)

where E0i is the extraterrestrial spectral irradiance,
and the extinction coefficients τri,τozi,τgi,τwi and
describe Rayleigh scattering, ozone absorption,
absorption by uniformly mixed gases, water vapour
attenuation, and aerosol attenuation respectively.

Illuminance at a wavelength λi is given by:

Ii = FiEi (2)

where Fi is the Photopic function multiplier at
wavelength λi (CIE, 1973).

The irradiance bandwidth relevant to illumi-
nance spans a wavelength range from approxi-
mately 400 nm to 700 nm. The illuminance loss
due to extinction through the atmosphere for each
of the five factors at a wavelength λi included in
equation (1) may be calculated using:

∆ILi = FiE0i(1 – τi) (3)

where τi is the extinction coefficient for the compo-
nent of interest at the given wavelength. The total
illuminance loss for each component would then be
obtained by numerically integrating equation (3)
across the illuminance spectrum. Based on the
extinction coefficients given by Leckner (1978) and
Bird, (1984), it may be shown that extinction of

irradiance due to water vapour and mixed gases in
the wavelength interval of 400 nm to 700 nm is
zero and negligible respectively and extinction of
illuminance by these two components may be
ignored in the visible bandwidth. The variation of
illuminance extinctions with wavelength due to
aerosols, ozone, and Rayleigh scattering, calculated
using equation (3), are presented in Figure 1 for an
elevation of the sun of 90o and an atmospheric
pressure of 101.3 kPa, that is, for an air mass of 1.
The ratios of these illuminance extinctions to the
total are 47.4 %, 43.3 %, and 9.3 0% for aerosol
extinction, Rayleigh scattering, and ozone respec-
tively. These percentages are weak functions of the
elevation of the sun and atmospheric pressure and
while they are functions of these parameters the
percentages are similar for a wide range of solar ele-
vations and atmospheric pressures indicating that
illuminance extinction due to water vapour and
gases may be ignored for all atmospheric and geo-
metric conditions of interest, and the major contrib-
utor to illuminance attenuation in the atmosphere is
due to aerosol extinction and Rayleigh scattering.

Figure 1: Variation of illuminance extinction

with wavelength

Since only the effects of ozone, aerosols, and
Rayleigh scattering are significant in the visual
wavelength band, equation (1) may be reduced to:

Ei = E0iτriτoziτai (4)

Substituting the equations for the extinction
coefficients τri, τozi, and  τai presented by Leckner
(1978) into equation (4) gives:

(5)

where m is the air mass, ki is the spectral absorption
coefficient for ozone at wavelength λi, l is the total
amount of ozone in a vertical column at normal
temperature and pressure, β is a turbidity
coefficient, and α a wavelength coefficient relevant
to aerosol extinction (Leckner, 1978). (The expres-
sions are valid for wavelengths given in µm).
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The air mass m is a function of altitude and path
length of irradiance through the atmosphere and is
given by:

m = (6)

where P is the atmospheric pressure, P0 is the
atmospheric pressure at sea level, and γ is the solar
elevation. At sea level P = P0 and for the sun ver-
tically above a location γ = 90° and m = m0 = 1.

The turbidity (amount of aerosol integrated ver-
tically through the atmosphere) coefficient is
(Leckner, 1978):

β = β00.5
α-1.3 (7)

where β0 is the Ångström turbidity coefficient and
α is the wavelength coefficient. The Ångström tur-
bidity coefficient at 30o N can vary from 0.047 to
0.187 (Leckner, 1978). Power et al used weather
station data collected over a period of some 27
years in South Africa to compute Ångström turbidi-
ty coefficients at eight locations for all weather con-
ditions including both clear sky and overcast condi-
tions (Power et al., 2001). Calculated Ångström tur-
bidity coefficients for Pretoria (closest location
recorded to Johannesburg) at latitude 25.7o S var-
ied from 0.027 to 0.071 for all months of the year,
including the rainy season. Turbidity coefficients are
typically lower in the Southern than Northern
Hemisphere (Power et al, 2001). The mean turbid-
ity coefficient for the dry months of April to August
in Pretoria was 0.0333 and for the year was 0.047.
Power et al noted from their analyses of South
African data that the highest turbidity coefficients
occurred at the main centres of Pretoria, Durban
and Cape Town and less at smaller townships. This
could be ascribed to augmentation of atmospheric
turbidity by anthropogenic aerosols (Power et al.,
2001). The Ångström turbidity coefficient for the
recorded data was obtained by minimising the stan-
dard deviation between the illuminance obtained
using Leckner’s method (Leckner, 1978) and the
measured data. This gave an Ångström turbidity
coefficient of 0.055 which was higher than the val-
ues obtained for Pretoria during the dry season but
could be explained by the greater anthropogenic
effects possible over Johannesburg.

Typical wavelength coefficients α occur mainly
in the range of 1.3 to 2 (Leckner, 1978). The
maximum value of α = 2 in this range was used as
the standard deviation between the Leckner
derived and measured data equalled the minimum
obtained. 

Equation (5) may be rewritten as:

(8)

The variation of the term:

(9)

with wavelength for m = 1, l = 0.25 (typical in trop-
ics (Leckner, 1978)), β0 = 0.055, and α= 2 is
shown in Figure 2 together with a normalised
Photopic function amplitude distribution.

At a wavelength of 555 nm, the wavelength at
which maximum eye response occurs, ki = 0.095
(Leckner, 1978; Bird, 1984) and  mK0 = 0.2302;
Exp(–0.2302) – 0.7944. The difference between an
average value of Exp(–mK0) over a wavelength
band extending from 495 nm to 605 nm is 1.4 % of
the value at a wavelength of 555 nm. It is reason-
able to assume for illuminance extinction that a
mean constant extinction coefficient of K0 = 0.2302
(m = 1) at an effective constant wavelength of λ =
555 nm may be used. Under these conditions,
direct illuminance is given by:

(10)

where F is the photopic function, m0 = 1 is the air
mass at sea level with the sun vertically overhead
(Gates, 1966; Leckner, 1978; Beer’s law, 2013),
and K0 is defined in equation (9). For the limited
bandwidth considered K0 may be considered to be
constant over the interval of interest. 

The direct illuminance is then given by:

(11)

where I0 is the terrestrial solar illuminance constant.
Equation (11), which excludes the diffuse illumi-
nance and has a form which would be obtained by
applying the Beer-Lambert-Bouger Law (Beer-
Lambert Law, 2013; Beer’s Law, 2013) to the
extinction of irradiance in the atmosphere.

Diffuse illuminance

Diffuse radiation from a clear sky may be based on
the difference between a direct beam of radiation
and a fictitious beam subject only to gaseous
absorption Leckner (Leckner, 1978). Using the for-

Figure 2: Variation of            and the photopic

function with wavelength
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mulations presented by Leckner for diffuse radia-
tion from a clear sky and including only extinction
functions which affect the visible part of the irradi-
ance spectrum the diffuse illuminance may be writ-
ten, based on Leckner’s formulation (Leckner,
1978) as:

IDiƒ = ΚDsin(λ)∫F(E0τoz – E)dλ (12)

Again, noting the small changes of the extinction
functions over the visible wavelength bandwidth,
this equation may be written, assuming mean val-
ues at a wavelength of 555 nm as:

IDiƒ = ΚDsin(λ)(I0τoz – 1) (13)

where ΚD = 0.5 is a constant which gives ‘the
magnitude and spectral distribution of diffuse radi-
ation from a pure Rayleigh atmosphere with a non-
reflecting ground’ (Leckner, 1978).

The global illuminance is given by the sum of
the direct and diffuse illuminance as:

IG = I + IDiƒ = I + ΚD(I0τoz – 1) sin(γ) (14)

Substituting the spectral transmittance functions,
as given, global illuminance is given by:

(15)

It is accepted that later descriptions of spectral
transmittance functions exist (Gueymard, 2001;
Gueymard, 2004) but the data of Thekaekara
(1973) and Leckner (1978) proved to be adequate.

Single term extinction function based on

Beer-Lambert-Bouger Law

This method is based on the Beer-Lambert-Bouger
Law (Beer-Lambert Law, 2013; Beer’s Law, 2013)
and is similar to the Langley method used to cali-
brate sun photometers (Shaw, 1983). The form of
equation (9), combined with the experimental data,
indicates for atmospheric conditions at a particular
site scattering and absorptance of illuminance may
be expressed by a single representative constant
and global illuminance is a function of the elevation
of the sun modified by the air mass, which is relat-
ed to the distance irradiance has passed through
the atmosphere. This is further supported by meas-
urements (Tsikaloudaki, 2004) which indicated that
efficacy is a function of the elevation of the sun.

The extinction of luminous intensity in an
atmosphere where the composition of the atmos-
phere remains constant, but the number of particles
per unit volume, or the density, varies, and the
attenuation of illuminance is proportional to the
illuminance as given by Beer-Lambert Law (2013)
and Beer’s Law (2013):

= Kρds (16)

where I is the illuminance, K is an effective ex- tinc-
tion coefficient, ρ is the density of the medium
through which the illuminance is passing, and s is
the distance measured along a ray of sunlight. 

The relationship between altitude and the light
path length is given by:

dh = sin(γ)ds (17)

where γ is the elevation of the sun. This is a reason-
able approximation for solar elevation angles
greater than 18o (Gates, 1966). For smaller angles
of elevation corrections should be made for atmos-
pheric refraction (Bemporad, 1907., cited in Gates,
1968). In this work, the actual measured angles of
elevation were used as most of the measurements
were taken at elevation angles greater than 18o.

Combining equations (16) and (17) and inte-
grating across the path length through the atmos-
phere gives:

(18)

where m0 = 1 is the air mass (Gates, 1966;
Leckner, 1978; Beer’s Law, 2013) at sea level for a
beam which is perpendicular to the surface of the
earth and I0e is a terrestrial solar illuminance con-
stant derived from the measurements. 

The illuminance at altitudes other than sea level
with the sun at an elevation of  may be obtained by
including equation (6) in equation (18) to give:

I = I0ee
–Km (19)

A convenient form of this equation for determining
the measured constants  and from experimental
data is:

ln(I) = 1n(I0e) – Km (20)

3. Experimental equipment

Sun’s elevation

While it is accepted that the elevation of the sun
may be calculated accurately, for these tests it was
measured using a simple sextant to assemble a
comprehensive experimental data set. Elevation of
the sun could be read to 0.5o. The variations of
global illuminance with elevation of the sun were
checked using calculated elevations (Stine et al.,
2012). Differences in correlations of global illumi-
nance with elevation of the sun using the measured
and calculated elevations were found to be negligi-
ble. This could be attributed to the fact that the data
scatter was due mainly to the illuminance readings.

Illuminance

Global illuminance was measured using an Apogee
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Instruments Inc. model UV-Par Spectroradiometer
S/N: 07030922. The Spectroradiometer incorp-
orates a 2048 pixel, 14 x 200 µm microelement
array used to measure the electromagnetic energy
in the nominal wavelength range of 300 nm to 850
nm. Readings for this set of experiments were taken
over the wavelength range of 274 nm to 898.5 nm.

The spectroradiometer was calibrated by the
manufacturer with a LI-COR LI1800-02 Optical
Radiation Calibrator, S/N ORC-394. The lamp
(radiation source) inside the LI1800-02 is an FEV
200 W quartz tungsten halogen lamp operated at
an approximate colour temperature of 3150 K. The
lamp model number is LI1800-02L, S/N ORL-996.
It was calibrated against a working standard lamp,
1000 W quartz halogen lamp. The wavelength
range is 300-1100 nm, with accuracy specifications
of  5 % for 300-350 nm and 1000-1100 nm, and 4
% for 350-1000 nm. The lamp output (spectral out-
put) is stable to 1 % for 50 hours of use with the
constant power regulator in the LI1800-02.
Illuminance is calculated from the irradiance data
using the CIE photopic function. The spectrora-
diometer was calibrated by the manufacturer nine
months before the illuminance was measured.
Illuminance readings are obtained by multiplying
the measured irradiance with the Photopic function
built into the software of the spectroradiometer.

4. Experimental procedure

All readings were recorded at latitude 26.17o S, lon-
gitude 28.14o E, at an altitude of 1715 m, where the
atmospheric pressure was 83.5 kPa. At this latitude,
the maximum elevation of the sun at the summer
solstice is 87.3o.. The data set is comprised of 1261
readings taken over summer and winter conditions.

Measurements were taken at 10 minute intervals
on cloudless days over the measurement period.
For each global illuminance measurement the
probe was aligned to face the sun by aligning the
shadow of the top of the probe with its base. The
integrating time constant was set at 20 ms to ensure
that the thermopile was not saturated. Saturation of
the thermopile was evidenced by distortion of the
irradiance curve on the computer screen at wave-
lengths around 550 nm.

5. Results

Method based on wavelength specific

scattering and absorption

As already described, the method is based on con-
stant scattering and absorption coefficients over the
visible range of wavelengths with the constants
being equal to those at 555 nm. For this work, the
values used were k = 0.095, l = 0.25, β0 = 0.55
and α = 2 (Leckner, 1978. The turbidity coeffi-
cients for aerosol extinction are strongly dependent
on atmospheric conditions (Leckner, 1978) and
these were adjusted to optimise the fit of equation

(15) to the measured data. In effect all the constants
affect the value of K0 and the net result was to
adjust K0 to give a good match between the pre-
dicted and measured values of illuminance.

The variation of the global experimental illumi-
nance data and those predicted using equation (15)
together with the extinction coefficients with 1/m
are presented in Figure 3. The predicted results are
presented as a white line for clarity.

Figure 3: Variation of illuminance ratio with 1/m

The standard deviation of the differences
between the measured and calculated illuminance,
normalised using a terrestrial illuminance constant
of 136700 lm/m2 (Johnson, 1954) is 4.47 %.

Method based on the Beer-Lambert-Bouger

Law

For this method, the experimental data was used to
obtain the constants l0e and K in equation (20). The
natural logarithm of the illuminance readings were
plotted against the air mass m in Figure 4 allowing
extraction of the constants using a linear least
squares method.

Figure 4: Variation of ln(I) with m

The linear least squares least fit yielded:

ln(I) = ln(l0e) – Km = 11.893 – 0.20958 m (21)

with R2 =0.8773. The effective solar illuminance
terrestrial constant for the experimental data set,
and K are:

ln(l0e) = 11.893 → l0e = 146200lm/m2 (22)
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K = 0.2095 (23)

A standard method for measuring the terrestrial
irradiance constant is Langley Extrapolation (Shaw,
1983) which is based on Beer’s Law (2013). The
method is based on measuring irradiance on a
cloudless day over a short period; say a morning, in
which it is assumed that the physical state of the
atmosphere is constant. The experimental data
used here was collected over a period of eight
months and as such constitute average scattering
and absorption coefficients.

The difference of 6.9% between the measured
terrestrial illuminance constant and the 136 700
lm/m2 (Johnson, 1954) cited can be attributed to,
apart from lumping the direct and diffuse illumi-
nance together, factors such as variations of the
atmosphere with latitude and atmospheric altitude
and consequent atmospheric variations along light
paths to the location on the earth and averaging the
results over a lengthy period. The terrestrial illumi-
nance constant may be considered to be an overall
effective terrestrial illuminance constant suitable for
the method presented. The extinction coefficient ()
for the method based on the Beer-Lambert-Bouger
Law gives a larger rate of extinction than that
obtained for extinction of the direct component of
illuminance based on the method of Leckner’s for-
mulations (). This could be attributed to account for
extinction of the diffuse component of illuminance
which is added in the latter method.

Rather than present a direct comparison of the
measured illuminance with those predicted using
equation (19) a comparison is presented of lumi-
nance predictions using equations (15) and (19) in
Figure 5; which in effect gives the comparison.

Figure 5: Variation of illuminance with 1/m – for

both methods

The standard deviation of the differences
between the measured and calculated illuminance
for this method, normalised using the terrestrial illu-
minance constant is 4.49 %.

The standard deviation of the differences
between the illuminances calculated for figure 5

normalised using the terrestrial illuminance constant
is 1.56 %. The two approaches essentially give the
same result which is not surprising as the direct
component of illuminance is described by a form
similar to equation (18).

The effect of the elliptical orbit of the earth
around the sun on the fit between the measured
and predicted illuminance was checked to deter-
mine whether the 3.4 % amplitude annual variation
in terrestrial irradiance (Stine et al., 2001) was evi-
dent. A correlation of the data on an annual basis
did not yield an annual variation and it was found
that a constant terrestrial constant gave the best fit.
While it is possible to incorporate the changing dis-
tance between the earth and the sun the data yield-
ed inconclusive results and the effects of the chang-
ing distance between the sun and earth are not
included

5. Conclusions

It was shown that by limiting the derivation of illu-
minance to irradiance data within the visible range
of wavelengths and including only scattering and
absorption coefficients which affect irradiance in the
wavelength band relevant to illuminance combined
with the concentration effects of the Photopic func-
tion to a bandwidth close to 555 nm, a simplified
formulation for both direct and diffuse illuminance
using Leckner’s method may be obtained.

The major contributors to extinction of illumi-
nance in the atmosphere are by aerosols (47%) and
Rayleigh scattering (43%). Ozone absorption
accounts for approximately 10%. Extinction of illu-
minance by water vapour and gasses may be
ignored allowing for a simplified formulation for cal-
culating illumiance at ground level.

The standard deviation between the measured
illuminance data and that predicted using the spec-
tral analysis based on Leckner’s formulations nor-
malised with the terrestrial illuminance constant was
4.47%. 

Due to simplification of the physical processes
affecting extinction and absorption of irradiance in
the visible bandwidth the Beer-Lambert-Bouger
Law for electromagnetic extinction in a variable
density atmosphere was used to present a simple
formulation for correlating global illuminance with
elevation of the sun.

The standard deviation between the measured
illuminance data and that predicted using the latter
method normalised with the terrestrial illuminance
constant was 4.49%.

The standard deviation between the illuminance
predictions of the two methods was 1.56%. Either
method may be used to correlate local illuminance
data with solar elevation and air mass to good accu-
racy.

An effective terrestrial illuminance constant
measured over a long period was 6.9 % greater
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than the constant of 136 700 lm/m2. This was attrib-
uted to the greater variation in atmospheric condi-
tions occurring over periods much longer than the
fraction of a day used in Langley Extrapolation.

Simplified methods for calculating direct and dif-
fuse illuminance which may be used for day lighting
calculations have been presented.
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Abstract

Globally, electricity has become a modern tool to
supply energy to households. This study investigates
the supply and demand of household electricity and
sustainability of distribution centres at Emfuleni
Local Municipality (ELM). South Africa follows a
vigorous programme of electrification, spearheaded
by Eskom. Eskom is a South African state-owned
power company which strives to meet the country’s
increasing demand for energy. Resi-dential energy
demand is growing as population levels rise and the
number of households in ELM increases. Recently
(2008–2010) in South Africa there have been
unprecedented levels of load shedding nationally
and there is a shortage of centres to purchase elec-
tricity. Furthermore, households do not receive
uninterrupted electricity on a daily basis, largely
because of stolen electrical cables and illegal con-
nections. Low-income residents of Evaton, ELM,
were interviewed. Empirical surveys were conduct-
ed and a theoretical exposition drawn up to meet
the objectives of the study. It was found that elec-
tricity supply and demand in ELM is adequate but
there is a shortage of selling points in Evaton and
there are barriers towards the effectiveness of elec-
tricity consumption. In addition, public awareness
programmes must continue to educate the commu-
nities to avoid stealing the electrical cables. Illegal
connection must be reported to the local councillors
for them to make sure that this activity is stopped in
Evaton. 

Keywords: electricity sector; electricity supply and
demand, Emfuleni Local Municipality, residential
sector 

Introduction

South Africa has seen significant levels of growth in
electricity consumption and the level of demand.
The study investigates the effectiveness of residen-
tial energy usage and the sustainability of the elec-
tricity sales centres at ELM. 

This investigation is part (the first phase) of the
research project conducted in ELM by the Depart-
ment of Public Management at North-West Univer-
sity, Vaal Triangle Campus. The research sample
was drawn from low-income households in Evaton,
Emfuleni Local Municipality (ELM). The assessment
that follows is based on theoretical, observational
and empirical surveys (structured questionnaires)
conducted in December 2010. As a pilot study, 25
low-income residents were interviewed in Evaton to
meet the objectives of the study. 

Background

The ELM is one of three local municipalities com-
prising the Sedibeng District Municipality (SDM) in
Gauteng, South Africa. It is the most westerly local
municipality in the SDM, and covers an area of 987
km². ELM is a largely urbanised municipality, with
high population density compared to other munici-
palities making up the SDM. It houses about 80% of
the SDM total population (ELM, 2009a).

ELM has two main town centres: Vereeniging
and Vanderbijlpark. Sasolburg is 10 kilometres to
the south, across the provincial boundary. There
are six large townships in ELM (Evaton, Sebokeng,
Sharpeville, Boipatong, Bophelong and Tshepiso)
which currently lack the facilities generally associat-
ed with towns of their size. There are also a number
of smaller settlements, mostly within approximately
six kilometres of the above towns. These settle-
ments are Bonanne, Steelpark, Duncanville, Unitas
Park, Sonland Park, Waldrift, RustterVaal, Roshnee
and Debonair Park. The area also comprises some
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large residential areas, all of which require consid-
erable investment in infrastructure and the upgrad-
ing of sub-standard environments (ELM, 2009a).
Homes in the residential sector vary from shacks to
houses that are more substantial.

ELM provides municipal services directly to the
community and is licensed to provide electricity
mainly in the Vanderbijlpark, Bophelong,
Boipatong, Roshnee, Rust ter Vaal and Vereeniging
areas, while Eskom is licensed to distribute electric-
ity to the remaining areas. Free basic electricity
(FBE) is provided on average to 9 000 consumers
per month (4 500 by the municipality and 4 500 by
Eskom) within the ELM area. FBE of 50kWh/month
is provided to registered indigents. Eskom invoices
the municipality on a monthly basis for all FBE
issued by them to registered indigents that live in
their area of supply, in accordance with a funding
agreement (ELM, 2009b).

Overview of electricity supply and demand

South Africa has recently been following the world’s
most vigorous programme of electrification, spear-
headed by Eskom. From 1994 to 2000, 3.1 million
households per year were electrified and 70% of
households now have electricity (the percentage is
about 80% in urban areas and 50% in rural dis-
tricts) (Department of Minerals and Energy, 2002).
It is widely acknowledged that energy is a basic
human need that is a prerequisite for development.
Indeed, energy is a central feature of the Millennium
Development Goals (MDGs), and whilst its lack is
not directly a cause of poverty, improving poor
households’ access to energy services will improve
their livelihood (UNDP in Davis et al., 2008; Louw
et al in Davis et al., 2008). 

Electricity issues were high on the political agen-
da in 2008 as South Africa confronted a crisis
where reserve margins were at an all-time low,
resulting in inadequate power supply to meet
demand (Chessin, 2008). The South African
Electricity Supply Industry (ESI) is essentially verti-
cally integrated with Eskom generating 96%
(including 5% imports) of the current requirements,
municipalities 1% and others 3% (inter alia, inde-
pendent power producers [IPPs]). Eskom is the only
transmission licensee and is responsible for all trans-
mitted electricity. The responsibility for distribution
is shared between Eskom, the municipalities and
other licensed distributors. About 180 municipali-
ties distribute 40% of electricity sales to 60% of the
customer base (DME, 2008). 

Energy sector

Growth in the electricity supply industry in South
Africa is driven by investment in noteworthy infra-
structure projects including new power plant inte-
gration and grid strengthening programmes
(Business Wire, 2010). Electricity demand contin-

ues to rise and in recent years has outstripped the
available supply infrastructure to the point where
the country suffered rolling blackouts. In January
2008, the DME and Eskom released a policy docu-
ment: ‘National response to SA’s electricity short-
age’. The plan includes work on the country’s elec-
tricity distribution structure and the fast-tracking of
electricity projects by independent power produc-
ers. The government is investing heavily in new
power projects with plans to generate an additional
22 000 MW by 2017 (Energy Information
Administration [EIA], 2010).

There are 27 operational power stations in
South Africa (Eskom, 2010). The end-use of elec-
tricity in the country is currently divided among
domestic (17.2%), agriculture (2.6%), mining
(15%), industrial (37.7%), commercial (12.6%),
transport (2.6%) and general (12.3%) end users
(DME, 2008; Eskom, 2010). Of South Africa’s ener-
gy demand, 29% is in the form of electricity
(Eskom, 2010). In 2004, the Ministry of Minerals
and Energy estimated that the domestic demand for
electricity would be approximately 33 000 MW in
2004, and is growing at a rate of 1 000 MW per
year. There is thus an urgent need to increase
domestic generating capacity (Economist
Intelligence Unit, 2005).

Electricity sector objectives

Because it is fully committed to its programme of
rapid electrification of urban as well as rural house-
holds, Eskom is expected to meet the rise in elec-
tricity demand in both domestic and export markets
in the medium and long term (EIU, 2005). This sec-
tion provides a summary of the electricity sector
objectives as detailed in the White Paper of 1998.
The sector aims to:
• improve social equity by addressing the require-

ments of low income earners;
• enhance efficiency and competitiveness to pro-

vide low-cost and high quality inputs to all sec-
tors; 

• make environmentally sustainable short and
long-term use of the country’s natural resources; 

• give consumers the right of choice of electricity
supplier; 

• promote competition, especially in the power
generation sector; 

• open non-discriminatory access to the transmis-
sion system; and 

• encourage private sector participation in the
industry (DME, 2008). 
In view of this, the state seeks to ensure that

there is an appropriate balance between meeting
social equity, economic growth and environmental
goals. This will hopefully be achieved by ensuring
that electrification targets are met by providing low-
cost electricity; better price equality; financial viabil-
ity; improved quality of service and supply (includ-
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ing security of supply); proper co-ordination of
operation and investments and the attraction and
retention of a competent work force (DME, 2008).
Rapidly increasing electricity demand in South
Africa has led the government to set out ambitious
plans to expand the sector (EIA, 2010). 

The Integrated National Electrification Pro-
gramme (INEP) is one of the initiatives that has
been launched. It is aimed at providing socio-eco-
nomic support for previously unconnected house-
holds to give residents access to electricity. The pro-
gramme creates new infrastructure while ensuring
that existing infrastructure is rehabilitated and well
maintained (DME, 2008).

Legislative framework

A number of legislative developments since 1996
that have had a direct influence on the electricity
industry are acknowledged. Numerous institutional
arrangements for electricity have been considered
for South Africa and the resulting policy frameworks
have thus far been highly uncertain. The legislative
framework enables the electricity sector municipali-
ties to facilitate coherent, transparent and account-
able policy planning and implementation (Chessin,
2008). The government’s policy has been to extend
the electricity network to communities not previous-
ly served, and the proportion of houses that have
electricity has increased sharply (EIU, 2005).

The following legislation is relevant when assess-
ing electricity supply and demand in South Africa:
• Constitution of South Africa, 1996. 
• Public Finance Management Act, 1999. 
• Local Government Municipal Systems Act,

2000. 
• Eskom Conversion Act, 2001. 
• Municipal Finance Management Act, 2003. 
• National Energy Regulation Act, 2004. 
• Electricity Regulation Act, 2006. 
• Municipal Fiscal Powers and Functions Act,

2007. 
• Electricity Regulation Amendment Act, 2007. 
Political will and enabling policies and regulations
are important in implementing universal access to
modern energy services (Academy of Science of
South Africa, 2010).

The residential sector

In South Africa, residential energy (including that in
ELM) falls into three categories: traditional energy
(such as wood, dung and bagasse); transitional
energy (coal, paraffin and liquefied petroleum gas;
and modern energy (electricity) (DME, 2002).
South Africa is a country of extremes and is also in
transition. Davis et al. (2008) indicate that the tran-
sition to electricity for low-income households has
not been as rapid as anticipated. Islands with a rich
modern economy lie in a sea of deprivation and
poverty, and both are being swept along by an

unstoppable but uneven tide of change (DME,
2002).

The problems of uplifting the poor and develop-
ing the economy have become merged. The ELM
residential sector is characterised by poor living
conditions; the diseases of poverty; low education
levels; high unemployment; large numbers of chil-
dren per couple; and degradation of the environ-
ment. The Studies in Poverty and Inequality
Institute (2012) points out that ‘one of the main rea-
sons for these living conditions is the high levels of
poverty and inequality amongst the previously dis-
advantaged’. Only 33% of these population are
employed meanwhile 29% are unemployed.
According to Census 2011, Emfuleni Local
Municipality has a reduction of 12.5% (47.2% 2001
to 34.7% 2011) among the unemployed house-
holds (Statistics South Africa, 2012). 

The Census 2011 reported that electricity for
lighting in the ELM has increased from 89.8% in
2001 to 92.2% in 2011 (Statistics South Africa,
2012). This is supported by sensible policies and
the use of efficient technologies in order to benefit
the previously disadvantaged communities. .
Providing power to households does more than
almost anything else to transform and improve the
lot of the poverty-stricken residents (DME, 2002). In
2003, the South African government introduced the
policy of free basic electricity to low-income house-
holds. FBE is a basic services support tariff, which
allocates an allowance of 50kWh of free electricity
each month to poor households. 

The aim of the FBE policy is to enable impover-
ished households to increase their electricity con-
sumption and alleviate the negative impact of ener-
gy poverty (Davis et al., 2008). This policy seeks to
address ways and means through which govern-
ment intervention can bring about relief to poor
electrified households and ensure optimal socio-
economic benefits from the National Electrification
Programme. 

Low-income households are defined as those
falling within the lowest 40% of income. Due to the
inequities of the past, South Africa has had to pro-
vide infrastructure and subsidies to enable low-
income households to make use of basic services
(UNDP in Davis et al., 2008; Louw et al., in Davis
et al., 2008).

Findings

The data mentioned in this section was collected as
part of the empirical survey conducted in Evaton.

Personal data

The empirical survey conducted in Evaton com-
prised 23 interviews; two residents were unwilling to
be interviewed. The sample group comprised
females (68%) and males (32%). Most respondents
fell within the economically active age category
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(38–44 age group), others were elderly (53–65 age
group) and are the recipients of old-age pensions.
Two disabled individuals were interviewed. All the
respondents were in possession of South African
identity books, which makes them eligible to apply
for the provision of electricity and to lodge electric-
ity complaints.

Education and employment 

Education plays an important role in the wellbeing
of any society. The highest level of education
achieved by respondents in the sample group was
Grade 10. An adequate level of education makes it
possible for residents to report faulty measures and
to purchase their electrical appliances. Of the
respondents, 76% were unemployed and were thus
available to be interviewed during normal working
hours. 

Residential data 

Of those interviewed, 76% lived in houses, while
16% lived in informal residences (shacks). Most of
the households in Evaton are shacks and backyard
dwellings. Backyard homes account for more than
25% of rented dwellings in the ELM. Of those inter-
viewed 50% live in houses while the other 50% live
in the increasing number of shacks. In Evaton, main
house dwellers as well as those who are tenants
make use of electricity. On average, there are 5-6
occupants in each household. 

Access to basic services 

The sections that follow provide details of access to
basic services

Services accessed by households
The provision of water, electricity and sanitation are
linked. Of the respondents, 100% have access to
water, although the water supplied is not a piped
water system inside the homes. In each yard, there
is a single tap which provides water for the home-
owners and their tenants. On a daily basis, residents
are required to collect water from the tap for their
domestic consumption (washing, cooking, etc.). Of
the respondents, only 40% have access to flush toi-
lets. In most yards, three or four non-flushing toilet
structures were identified. Only 52% of the respon-
dents have access to refuse removal; 40% indicated
that they burn their refuse inside their yards.

Access to electricity
All respondents indicated that they have access to
electricity. This includes owners and tenants. All
households have separate meter boxes that monitor
their electricity consumption. The researchers were
granted permission to inspect the connections, and
illegal connections were observed. Two cable sys-
tems were identified. One was the authentic thick
black cable used by the electricity sector. The sec-

ond type seen was a thin black or white electric
extension cable widely available for purchase in
local stores. This type of connection is only safe for
leading power from one point to another within a
single home. 

It can be dangerous when the households con-
nect illegal electricity cables. The authors found that
some of the households used the clear sellotape (for
stationary) instead of the electrical (insulation) tape
for joining the extension cables. The extension
cables were also used to connect and source elec-
tricity from the external main cable boxes. Such
connections did not meet the guidelines regulated
by the electricity sector. Meter boxes in some house-
holds also pose a threat because of faulty connec-
tions.

The respondents indicated that they do report
faults to the electricity sector in their region, but if
there is a response (which is by no means always
the case), this is only after a long delay so the resi-
dents have to resort to illegal connections. Of the
respondents, 44% indicated that they were highly
satisfied with the provision of electricity; 28% said
they were satisfied; while 24% indicated that they
were dissatisfied with the electricity supply. Their
grievances included the theft of electric cables; fre-
quent electricity failures (of 1–3 days); poor delivery
in adverse weather conditions (rainy seasons and
winter); and lack of feedback from the electricity
sector.

Effectiveness of electricity in ELM

The South African economy is energy intensive and
it uses a great deal of energy for every rand of value
added. There are huge benefits here in terms of
improved health, economics and opportunities to
join the modern economy. There are also draw-
backs, largely because those living in most of the
newly electrified households cannot afford to buy
enough electricity to make it profitable for the utili-
ty (DME, 2002). The changes in energy consump-
tion may have effects on the economy, employ-
ment, pollution and levels of health (DME, 2002).

Electrical appliances

Some low-income householders in ELM own
labour saving devices used by middle income
households. A range of electrical appliances were
observed. Basic appliances include fridges, stoves
(two/four plate stoves), audio-visual appliances
(such as television, radio and DVD), heaters, kettles
and irons. Luxury appliances include food proces-
sors; hairdryers; washing machines; vacuum clean-
ers; sewing machines; and toasters/sandwich mak-
ers (Sparknet, 2010). 

Use of electricity

South African residential energy consumption is just
over a tenth of the total energy consumption in the
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country. There are those who can afford to turn on
electrical power at the flick of a switch for their elec-
trical devices. In contrast, the poor may well spend
up to six hours a day collecting firewood to cook
their food, and they use candles to light their house-
holds at night (DME, 2002).

Residential electrical consumption (domestic
and the operation of residential businesses) can be
broken up into five main categories: space heating,
water heating, cooking, lighting and other social
and economic needs. Such usage is high during
peak hours (morning and evening). 

Domestic operation

• Cooking appliances are identified as large con-
sumers of electricity and are thought to be an
important indicator of demand levels for house-
holds (Davis et al., 2008). Residents in Evaton
indicated that electricity is expensive and they
use it with caution. In order to save electricity,
cooking is only done at most twice – in a single
day. Further, it was observed that householders
use other energy types to save electricity. 

• Space heating also consumes electricity in
Evaton. Respondents indicated that they use
electric heaters during winter. They use these
heaters in the evening to warm the living and
dining rooms while watching television.

• Hot water is required for washing dishes and
clothes and for personal hygiene (Sparknet,
2010). In this case, 90% of respondents use a
stove or a kettle to warm water, while the
remaining 10% have the use of electric geysers.

• In Evaton, outdoor and indoor lighting is used in
households. Good lighting is particularly impor-
tant for learners and teachers for reading and
studying at night (Sparknet, 2010). In 2009, the
SDM embarked on upgrading lighting services
in the three local municipalities. The bulbs in the
SDM households were replaced with fluorescent
globes. The aim was to maintain the standard in
accordance with Eskom’s directives to save elec-
tricity. 

• Refrigeration and space cooling is also used for
the storage of perishable products such as meat
and vegetables. Access to refrigeration allows
householders to buy perishable products in
bulk, which saves money and time, especially
since many low-income householders in South
Africa live far from the supermarkets or chain
stores that offer lower prices. Space cooling is a
significant priority in hot and humid areas
although many low-income households cannot
afford this (Sparknet, 2010).

• Washing machines are an alternative to the
more cumbersome methods for washing clothes.
However, to date there is an imperceptible level
of ownership of washing machines in low-
income households (Sparknet, 2010). The

researchers witnessed residents in some house-
holds washing clothes by hand. This is usually
done daily in a steel bath; collecting water from
the tap (using buckets); and hanging out the
clothes on a washing line to dry.

• Media devices (audio and visual equipment) are
generally required to keep in contact (for both
social and business purposes) with relatives,
friends and colleagues located in different areas
(Sparknet, 2010). Such devices are useful for
keeping abreast of world events, such as news,
current affairs and entertainment.

Residential business operation 

Residential business operations were observed as
part of this study. Some landlords and their tenants
run business operations from their homes and this
calls for the use of electrical appliances. Micro-
enterprises are needed to generate income either as
a sole source or as a supplement to other household
income (Sparknet, 2010). 

Some of the interviewees indicated that they sell
cooked food, beverages (such as cold drinks and
home-brewed cold beer), ice cream or ice licks.
Others supply freshly slaughtered chickens, fresh
meat, or run spaza shop operations. Other home
businesses provide services such as hairdressing
and beauty salons, welding, carpentry and car
washes. Some small businesses also use hot water,
for example, to clean freshly slaughtered chickens
and for cleaning and cooking sheep heads
(Sparknet, 2010).

Other types of energy

Low-income households use a variety of energy
forms and instruments for electricity consumption.
Electricity provision is not guaranteed in the low-
income households as it is in the suburban areas
like Vanderbijlpark and Vereeniging. Some house-
holds make use of alternative types of energy to
meet their daily needs. Of the respondents, 48%
use paraffin; 84% reported that they sometimes use
wood to provide energy. Coal was reported to be
expensive and only 64% of those interviewed said
they could afford to purchase this commodity on a
weekly basis, while 24% could not afford to buy
coal at all. There appears to be minimal use of gas
in low-income households because it is reportedly
expensive. Solar cookers are still at the demonstra-
tion stage in South Africa and so no long-term data
is available yet on their use (Sparknet, 2010).

A variety of other combustible materials are
used in conjunction with the above mentioned
types of energy. They include paraffin, wood, gas,
coal, paper/cardboard boxes and cow dung.
Charcoal is not commonly used in South African
low-income households (Sparknet, 2010), although
it is occasionally purchased to ‘braai’ meat outside
for parties or at picnics. The respondents indicated
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that they do not often use charcoal, because of its
prohibitive cost (R30 to R40 per 3kg). In some
households, these alternative types of energy are
used on a daily basis while in others, they are stored
for emergency use in the case of electricity failure.

Sale of electricity to low-income residents

Electricity is sold to industrial, commercial, agricul-
tural and domestic consumers. Approximately 78%
of the electricity is sold to industrial and commercial
customers, while the remaining 22% is sold to
domestic and agricultural consumers and is
required for the municipality’s own use (ELM,
2009: 2). In Evaton, households can purchase elec-
tricity in three ways. Firstly, they can buy electricity
vouchers from the municipal offices. Secondly,
these vouchers can be purchased from private insti-
tutions such as retail shops (supermarkets, mini-
markets and spaza shops) and filling stations.
Thirdly, they can buy electricity vouchers from the
Eskom franchises. Respondents indicated that com-
munity members can also report faults at the Eskom
offices.

The available selling points are inadequate in
Evaton. Respondents indicated that they spend a
great deal of time in reaching the respective points
to purchase electricity. Most of those interviewed
said they had to travel by taxi to another area to do
so. This was usually the case for those who use the
prepaid Eskom meter boxes. If only for reasons of
security in the community and reducing the cost of
power, the national utility (Eskom) must provide
specific, sustainable locations in Evaton to sell elec-
tricity. As things stand at present, up to an hour is
spent on travelling to purchase electricity vouchers;
as much as R12 has to be paid for transportation. 

It was also indicated that there are only two or
three selling points in Evaton, while others are out-
side the township. Electricity usage varies from
household to household. The monthly purchase of
electricity ranges from as little as R50 per month to
as much as R200. Seasonal periods also contribute
towards the consumption of electricity. Some
households only use electricity for cooking and
lighting, while others need power for running small
business enterprises. As indicated, if little electricity
is used then usage is often complemented by other
types of energy, especially in winter.

It is imperative that the distribution of electricity
in the township (and indeed across the country)
should be reviewed. In many places, there are still
wooden electricity pylons crossing residential areas.
This type of electricity transmission in the township
must change to the use of an underground system.
This will reduce the theft of copper cable that is so
rife in many areas. It is argued by the International
Energy Agency (2002) that lines installed under-
ground can reduce the chance of the power supply
being affected by storms. Severe weather condi-

tions are capable of knocking trees down onto the
main lines. An underground system also reduces
the possibility of starting forest fires when the lines
are down. It is only possible to implement this kind
of programme if the local authorities work in co-
operation with the Department of Energy and with
Eskom.

Recommendations

The following recommendations flow from the sur-
veys conducted in Evaton.

Maintenance of residential electricity supply

and demand

In South Africa, Eskom and local governments have
initiated programmes to equalise electricity supply
and demand. These programmes should be
reviewed to improve effectiveness of the industry.
The sale of electricity will need to be reviewed by
the local municipality and Eskom. 

Community awareness

The electricity and media industry provide aware-
ness of effective electricity usage, yet on a daily
basis we are informed about the misuse of house-
hold electricity. This may encourage householders
to flatten the demand curve. All these measures
need to be carefully thought through before being
systematically implemented (DME, 2002).

Risk management 

The theft of electric cables is a concern and inter-
rupts the power supply. Some of the householders
interviewed have resorted to using electrical exten-
sion cords from their houses to connect to the elec-
tricity pylons. These illegal connections are a major
hazard and cause electricity failures in the commu-
nity. Valuable time and money has to be directed on
a daily basis to rectify problems caused by the theft
of copper cables. Replacing wooden pylons is an
urgent matter that must be reviewed by the local
authority and Eskom. This may reduce the frequent
theft of copper cables. Members of the community
interviewed admitted to using extension cords from
their homes to connect with electricity pylons. 

Pre-paid suppliers/ selling points 

In Evaton, there is shortage of pre-paid electricity
vouchers. Some of the selling points have been
closed down following vandalism, theft and even
deaths. Security must be improved at these sites.
Many of the selling points are situated outside the
Evaton residential area. This means that house-
holders are obliged to travel a considerable distance
to purchase electricity and this often entails trans-
port costs they can ill afford. The local authority and
Eskom should consider the re-establishment of con-
venient, safe selling points for pre-paid electricity in
Evaton and its surrounding areas. 
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Conclusion

Globally, electricity is seen as a modern tool to sup-
ply energy in households, since it allows for more
efficient energy use than coal, wood and paraffin. A
source of income and access to electrical appliances
for cooking are among the determinants of low-
income householders’ electricity consumption.
Electrification of households has reached its peak in
Evaton, although the initiative is challenged by theft
and illegal connections. There is effective use of
electricity, although residents experience difficulty
and expense accessing selling points. Proper man-
agement and safeguarding of such entities should
be a priority in ELM.
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Abstract

Massive consumption of energy in the drying indus-
try has prompted extensive research regarding vari-
ous aspects of drying energy and requirements.
Thermal utilization efficiency, specific energy
requirement, total energy consumption and hyper-
icin content in drying of St John’s Wort were deter-
mined using a hot-air dryer. Experiments were con-
ducted at four air temperature levels (40, 50, 60,
and 70°C), three air velocities (0.3, 0.7, and 1 m/s)
and three sample thicknesses (1, 2 and 3 cm).
Based on the results of data analysis, minimum and
maximum levels of energy consumption were 0.56
and 3.24 kWh, respectively. The required specific
energy decreased with increasing sample thickness.
The minimum and maximum required specific
energies were 4.41 and 17.53 for 2 cm thick and
4.28 and 13.67 for 3 cm thick layers (kWh/kg),
respectively. The maximum and minimum values of
thermal utilization efficiency in different treatments
were found to be 14% and 72%, respectively.
Hypericin content decreased with increasing tem-
perature and increased with air velocity and product
sample thickness, so that the minimum and maxi-
mum hypericin amounts were 67 and 355 ppm,
respectively. 

Keywords: sample thickness, air temperature and
velocity, St John’s Wort, hypericin

Introduction

St John’s Wort (Hypericum Perfoatum), known as
an herbal and perennial plant, has a creeping and
vegetative growth in the first year while the desired
growth and blooming begins from the second year
(Crompton et al., 1988). Important components of
St John’s Wort are hyperforin (a prenylated phloro-
glucinol) and hypericin (a naphthodianthrone)
(Barnes et al., 2001).

This plant is mostly air-dried in the shade and if
dried in direct sunlight, more than 80% of its hyper-
icin content will be lost during the drying process
(Buter et al., 1998). Many agricultural products
(especially medicinal herbs) have a short supply
period and must be preserved and stored for later
use. Drying is one of the most common ways for
preserving the material. By applying the appropri-
ate drying methods, product quality can be
increased and losses reduced (Barbosa-Canovas
and Vega-Mercado, 1996).

Problems dealing with using sun energy for the
drying of agricultural products, has led to tradition-
al methods (hot air drying) being considered as an
alternative for industrial dryers. However, the
industrial dryers consume larger amounts of energy
but they are considered as an important method of
drying.

Qualitative indexes are the main parameters that
are verified in the drying process in food and agri-
cultural products. The drying process should be in
such a way that would apply minimum changes in
products’ qualitative indexes. These indexes include
physical aspects such as dimensions and size, tex-
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ture, shape, wrinkles, and stiffness, as well as chem-
ical changes such as browning reactions, discol-
oration, changes in vitamins, amino acids, and oxi-
dation of substances (Okos et al., 1992).

Akpinar (2004) studied the energy required for
drying of red pepper slices in a laboratory dryer. It
was reported that by increasing temperature, total
energy consumption as well as rate increase, but
these indexes decrease with time (Akpinar, 2004).
In another piece of research on convective thin
layer drying of pomegranate arils, it was reported
that drying time, consumed energy, and required
specific energy decrease with increasing tempera-
ture (Motevali et al., 2011).

Thermal utilization efficiency is defined as the
ratio of sample moisture evaporation latent heat to
the energy required for the evaporation of moisture
from free water. Thermal utilization efficiency in hot
air flow-infrared mixed drying was reported to be
38% for both potato and carrot (Umesh Hebbar et
al., 2004).

In research, St John’s Wort was dried at 35°C for
3-5 days until reaching a constant dried weight. The
dried samples were then stored inside opaque bags
at room temperature. This resulted in preservation
of the highest amount of hypericin in the leaves
(Buter et al., 1998).

The effect of temperature (40, 60, and 70 °C) on
drying of peppermint has been investigated
(Mahanom et al., 1999). Results showed that at
temperatures higher than 60°C, the amount of
essence decreases whereas at 80°C the amounts of
citronellal and cineole reduce to one eighth.
Experiments on drying of thyme showed that natu-
ral drying (in the shade) better preserves the essen-
tial oils than oven drying at 35°C (Venskutonis et
al., 1997). Effect of convective drying on the
amount of volatile oils of French and Russian vari-
eties of tarragon leaf was studied by Arab Hosseini
et al. Plant leaves were dried to 10% dry basis (d.b.)
at 40-90°C temperature range and various relative

humidities. Results showed that both drying time
and temperature are the most effective factors in
preserving the leaf essential oils during the drying
process. On the other hand, the effect of relative
humidity was not significant. Amounts of volatile
oils decreased with drying time reaching the lowest
value at 60°C (Arabhosseini et al., 2005).

A considerable body of data exists in the litera-
ture regarding the energy requirements for drying of
various agricultural products like mulberry (Akbulut
and Durmus, 2010), garlic cloves (Sharma and
Prasad, 2006), pistachio (Midilli and Kucuk, 2003),
pomegranate arils (Motevali et al., 2011 a, b), lon-
gan (Tippayawong et al., 2008), carrot slices
(Aghabashlo et al., 2009) and papad (Kumar,
2013). However, little information is available on
energy requirements, specific energy, thermal uti-
lization efficiency and active ingredients of agricul-
tural materials in hot air drying. One of the objec-
tives of this research project was to determine the
best drying treatment for St. John’s Wort, which was
carried out by achieving the highest amount of
hypericin preserved while aiming for the lowest spe-
cific energy consumption and best thermal utiliza-
tion efficiency.

Materials and methods

Three Kiln type laboratory dryers were utilized to
conduct the drying experiments. The drying cham-
ber was a 40×40×50 cm container located 70 cm
above the heating elements (Figure 1). Each dryer
has two electrical elements to generate the required
heat, one of them is controlled by a digital thermo-
stat and the other is controlled manually. Hot air
flow is produced by a blower located under the ele-
ments, providing an adjustable flow rate in the
range of 180 to 220 m3/h using a dimmer. Two sen-
sors are mounted in the upper and lower parts of
the dryer to measure the temperature of the drying
air entering and leaving the sample container. Prior
to the commencement of each experiment, air tem-
perature was adjusted by the thermostat and the
dryers were activated to reach the required temper-
ature. Data collection for thin layer drying experi-
ments was performed through weighting of samples
at 5 min intervals using a ±0.001 g digital balance
(Sartorius, model PT210, Germany).

All the required plant materials for the experi-
ment were procured from farming and the separa-
tion of the leaves from the stems was done manu-
ally. Then the samples were packed inside separate
plastic bags and refrigerated at 4±1°C. In this state,
the total moisture content of the leaves was 39 wet
basis (w.b.%). The independent variables at this
experiment were: 1) temperature in four levels of
40, 50, 60, and 70°C; 2) air displacement velocity
in three levels of 0.3, 0.7, and 1 m/s; and 3) and
sample thickness at three levels of 1, 2, and 3 cm.

Air parameters were adjusted by measuring tem-
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Figure 1: Diagram of the experimental dryer 

(F) fan, (H) heat generator, (S) sample, (T1) Lower

thermometer, (T2)Upper thermometer, (Sw) switches, (DL) data

logger, (EC) electronic control system, (DE) electronic driver,

(RH) Ambient relative humidity sensor, (TS) Ambient

temperature sensor



perature and velocity using a thermometer (Lutron,
TM-925, Taiwan), anemometer (Anemometer,
Lutron-YK, 80AM, Taiwan) and humidity meter
(Testo 650, 05366501, German) was utilized to
measure the air relative humidity.

Energy consumption

Energy consumption for drying of St John’s Wort
layers was calculated using equation 1 (Motevali et
al., 2011; Koyuncu et al., 2007):

Et = AυρaCpda∆Tt (1)

Where Et, is the total consumed energy in each dry-
ing phase (kWh), A, is the sample plate area (m2),
υ, air velocity (m/s), ρa, air density (kg/m3), t, total
drying time of each sample (h), ∆T, temperature dif-
ference between ambient and hot air (°C), and
Cpda, specific heat of air (kJ/kg°C).

Specific heat of air was calculated, to be 1.004
using Eq.2 (Motevali et al., 2011).

Cpda = 1.004 + 1.88w (2)

Conversion of relative humidity to moisture

ratio

Relative humidity was converted to moisture ratio
using Eq.3 (Motevali et al., 2011).

(3)

Where w is Relative humidity; p air pressure (kPa)
and Pvs, saturated vapour pressure (kPa). This con-
version is also possible by using psychrometric
charts.

Calculation of the specific energy

requirement 

The amount of consumed energy in drying of 1 kg
of St John’s Wort is calculated using eq.4 (Motevali
et al., 2011 a, b):

(4)

Where Ekg, is the required specific energy, and W0,
is sample’s initial weight.

Thermal utilization efficiency (TUE)

This indicator is defined as the ratio of sample mois-
ture evaporation latent heat to the energy required
for the evaporation of moisture from free water. In
order to determine the thermal utilization efficiency,
equation 5 was used (Umesh Hebbar et al., 2004):

(5)

where L is weight density of St John’s Wort layer
per unit area (kg/m2), Ad, total product area (m2),
lh, latent heat of vaporization (kJ/kg), Mi, Initial
moisture content (%w.b.), Mo, final moisture con-
tent (w.b.%), F, power of the heat source (kW) and
t operation time of the heat source (h). Initial mois-
ture content of samples (Mi) was 39% on the wet
basis which was dried to final moisture content (Mo)
of 8 (%w.b.). The evaporation latent heat of the
product was considered equal to the latent heat at
ambient air pressure.

Hypericin content of St John’s Wort leaves

Extraction of hypericin

Considering the various air temperatures, velocities,
and sample thicknesses, 36 treatments plus a con-
trol (traditional drying method, i.e. passive ambient
drying (temperature: 19-34 °C; relative humidity:
27-43%)) were considered in three repetitions for
drying of St John’s Wort. For extraction of hyper-
icin, a four gram sample of dried leaves from each
treatment was placed in a Soxhlet extractor. To
remove the chlorophyll, chloroform solvent was
added followed by methanol solvent. After purifica-
tion of the solution, its volume was increased by
methanol to 30 ml. The samples were kept in
opaque tubes and refrigerated before analysis.

A high performance liquid chromatography
instrument (Well Knauer modle Chrom 2000) was
used for hypericin determination. The device
included a pump (Maxi-star K-1000) and a detector
(Spectrophotometer K-2500) which was adjusted at
590 nm. The column used was Erospher 100 C18
with a 25cm length and 4mm diameter, mobile
methanol 68%, ethyl acetate 20% and 0.1 mol
sodium hydro sulphate 12%. Flow intensity of
1ml/min and 20µl of injected sample. Test duration
was 30 minutes. Ten mg of Roth TM (Germany) hy-
pericin (C30H16O8) with molecular mass of 504.43
was used as standard when determining the hyper-
icin content of each treatment as follows. Five dif-
ferent concentrations were obtained from the stan-
dard sample (116, 133, 155, 186, and 232 ppm)
and injected into the chromatograph. Then, given
the area under the curve of the unknown substance
spectrum and matching it with the calibration curve,
the unknown concentration was determined.

Results and discussions

Figures 2, 3 and 4 show the energy requirement for
drying of St John’s Wort, which is consumed by the
dryer’s heaters. At higher temperatures, drying time
decreases due to increasing thermal gradient inside
the substance and consequently increasing the dry-
ing rate. Also, drying time decreases with increasing
air velocity. This is because vapour pressure
decreases with increasing air velocity, thus, the
product moisture would encounter less resistance
on its way out and exits at higher rate. These obser-
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Figure 2: Energy consumption for drying 1cm-thick layer of St John’s Wort at different air

temperatures and velocities 

Figure 3: Effect of air velocity and temperature on energy requirement for drying 

2cm-thick layer of St John’s Wort

Figure 4: Energy consumption for drying 3 cm-thick layer of St John’s Wort at various

temperatures and velocities



vations were similar to the results reported previ-
ously (Motevali et al., 2011a and b) which are plau-
sible. With increasing product layer thickness in the
dryer, drying time and hence the required energy
for drying increase (Figures 2, 3 and 4).

Specific energy consumption

Figures 5, 6 and 7 show the specific energy con-
sumption for drying 1 kg of St John’s Wort in vari-
ous thicknesses (1, 2, and 3cm) at various temper-
atures and air velocities. Specific energy at a given
temperature increases with air velocity while it
decreases with temperature for a constant air veloc-
ity. The minimum and maximum values of required
specific energy for drying a 1 cm layer sample (at
different temperatures and air flow velocities) were
5.31 and 26.06 kWh/kg, respectively. Also, the min-
imum and maximum required specific energies
were 4.41 and 17.53 for 2 cm thick layer and 4.28
and 13.67 for the 3 cm thick layer treatments (kWh/
kg), respectively. Energy requirement decreased
with increasing layer thickness from 1 to 2 cm and

from 2 to 3 cm, such that (at a given air tempera-
ture and velocity), the maximum specific energy
was associated with the 1 cm thick layer. This is
because with increasing material thickness, sample
weight in the dryer also increases. Specific energy is
thus calculated by substituting the value of the
required energy obtained from equation 1 as well as
the sample weight (at various thicknesses) into
equation 4. 

Thermal utilization efficiency

Thermal utilization efficiency for hot air drying of St
John’s Wort varied from 21% to 72% for sample
thickness of 1 cm, from 17% to 66% for thickness of
2 cm, and from 14% to 58% for thickness of 3 cm
(Table 1). Since in each experiment the latent heat
of vaporization of water (λ), initial moisture content
(Mi), and the final moisture content (Mo) were con-
stant and given the applied thermal capacity (Q),
thermal utilization efficiency of the dryer depends
on the performance of the heat source and sample’s
initial weight (L.Ad).
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Figure 6: Effect of air velocity and temperature on specific energy consumption for 

drying a 2 cm-thick layer of St John’s Wort

Figure 5: Effect of air velocity and temperature on specific energy consumption for 

drying a 1cm-thick layer of St John’s Wort
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Figure 7: Effect of air velocity and temperature on specific energy consumption for 

drying a 3 cm-thick layer of St John’s Wort

Figure 8: Effect of air velocity and temperature on the hypericin content of 

1 cm-thick layer of sample

Figure 9: Effect of air velocity and temperature on the hypericin content of 

2 cm-thick layer of sample



The highest efficiency in drying of St John’s
Wort was observed at 70°C temperature, 0.3 m/s air
velocity, and 3 cm sample thickness, which is due to
the higher performance of the heaters resulting in
higher air temperature and lower air velocity. The
reason is that the chamber’s air temperature control
system is designed to be activated whenever air
temperature in the chamber drops below the
desired value. The lowest utilization efficiency is
related to 70°C treatment in which the heaters have
the lowest on time. Despite high thermal utilization
efficiency at 40°C, since the drying process is quite
lengthy, it is not desirable.

Determination of hypericin content resulting

from various treatments

As shown in Figures 8 to 10, at constant air veloci-
ty (0. 3 m/s), the amount of hypericin obtained from
the dried plant material increases with layer thick-
ness under similar temperature conditions. On the
other hand, in all cases, the material dried in ambi-
ent conditions (traditional drying) had the maxi-
mum amount of hypericin. Figures 8 to 10 indicate
that increasing temperature, decreasing the hyper-
icin content and the highest decrease occurs at
70°C. Analysis of variance results for hypericin con-
tent under various drying condition are given in
Tables 2, 3 and 4. Hypericin content increases with

air velocity and sample thickness, the maximum
being observed at 3 cm thickness, 40°C tempera-
ture, and air velocity of 1 m/s. Under these condi-
tions, the amount of hypericin was the same as that
obtained in the traditional drying method. This is
because temperature and drying time are the main
factors influencing hypericin preservation during
the drying process. On the one hand, drying at low
temperatures preserves the dark glands in leaves
containing hypericin, and on the other hand,
increasing air velocity speeds up the drying process-
es which help in preservation of hypericin. Also,
increasing sample thickness, results in more uniform
temperature distribution in different layers leading
to reduced thermal stresses. Results obtained in this
experiment are similar to the findings reported in
the literature for other medicinal plants. (Mahanom
et al., 1999; Venskutonis et al., 1997; Arabhosseini
et al., 2005; Buter et al., 1998).

Conclusions

The following conclusions are drawn based on con-
vective drying of St John’s Wort:
1. Energy consumption decreased with increasing

temperature and increased with air velocity and
sample layer thickness in the dryer. 

2. Specific energy requirement decreased with
increasing temperature and sample layer thick-
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Table 1: Thermal utilization efficiency under various drying conditions

Sample layer thickness (cm) 1 2 3          

Air velocity (m/s) 0.3 0.7 1 0.3 0.7 1 0.3 0.7 1

Temperature (°C)   

40 29 23 21 24 20 17 22 16 14

50 51 43 39 41 34 29 39 30 19

60 68 59 47 64 52 43 55 46 34

70 72 65 57 66 63 54 58 52 49

Figure 10: Effect of air velocity and temperature on content the hypericin of 

3 cm-thick layer of sample



ness while it increased with increasing air veloc-
ity. 

3. Thermal utilization efficiency decreased with
increasing temperature in such a way that the
lowest thermal utilization efficiency occurred at
40°C and the highest efficiency occurred at
70°C. Also, increasing material thickness result-
ed in increasing the thermal utilization efficiency
at any given air temperature and velocity. 

4. Hypericin content of the leaves at constant
thickness decreased with increasing tempera-
ture, while it increased with air velocity and
material thickness. 

5. Based on energy consumption, thermal utiliza-
tion efficiency and hypericin content post-dry-
ing, the best condition for drying of St John’s
Wort is 50 to 60°C temperature and 0.7 m/s air
velocity.
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Abstract 

This paper presents the results of the design param-
eters that affect natural convection of Low Pressure
(LP) Solar Water Heaters (SWH) in South Africa.
Fluid flow plays an important role in the heat trans-
fer process associated with natural convection.
Three partial differential governing equations were
considered. These equations are non-dimensional-
ized and a similarity solution was applied to obtain
two coupled non-linear ordinary differential equa-
tions which are solved in MATLAB. Two scenarios
were considered for the simulation, a vertical wall
with a constant wall temperature and a vertical wall
with a constant heat flux. The temperature and
velocity profiles were obtained for both scenarios
and compared. The effect of the length, diameter
and tilt angle of the tube in relation to the amount
of heat transferred to the water was investigated
specifically for Cape Town. These results are used to
discuss design and installation considerations for LP
SWHs and are presented in the paper.

Keywords: solar water heating, temperature pro-
files, tilt angle, tube length and diameter, vertical
wall 

1. Introduction

South Africa is endowed with good solar radiation
receiving 2 500 hours of sunshine per year and an
average solar-radiation of between 4.5 and
6.5kWh/m2 per day. For this reason, solar energy is
an alternative source that can be effectively utilized.
Solar water heating for domestic users is popular as
one of the major Demand Side Management
(DSM) programs run by the main utility, Eskom. In
South Africa, approximately 44% of all household
energy is used to heat water. If a solar water heat-
ing system can deliver this energy, then in theory it
will reduce the energy usage of the household by
44%. However, these solar water heating systems
are not optimized and hence unable to achieve the
energy savings expected despite their geographical
locations and annual solar radiation received. Thus,
these systems can be optimized based on the con-
sumer’s needs, geographical location and the
amount of solar radiation received during summer
and winter. Various SWH systems are available on
the market; however, this paper focuses on a LP
SWH as seen in Figure 1. 

2. Low pressure solar water heating

These systems use natural convection as means of
heat transfer. The system comprises a storage tank
and vacuum tubes as the main components. The
vacuum tubes are connected directly into the stor-
age tank allowing the water to fill the tubes as seen
in Figure 1. The vacuum tube consists of two con-
centric glass tubes, sealed at the one end with an
annular vacuum space to reduce heat loss. The
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inner glass tube has a selective absorber coating on
the outside. Thus, solar radiation is absorbed by the
tube and transferred to the water inside the tube.
Due to increase in temperature, a density difference
drives the hot water upwards into the storage tank;
this phenomenon is known as natural convection.
The fluid flow is induced by the buoyancy effect.

3.Natural convection

3.1 Basic theory

Heat transfer can occur either by radiation, con-
duction or convection. In this section, a brief under-
standing of the physical mechanisms of natural con-
vection is discussed. As a hot object enters a colder
fluid (gas or liquid), the outer temperature layer of
the object will drop as the surrounding fluid tem-
perature rises. A density difference between the hot
and cold fluid causes the hotter fluid to rise creating
a natural convection current. Heat transfer is
enhanced as a result of the natural convection cur-
rent. The same phenomenon occurs when a cold
medium enters a warmer fluid; however, the natu-
ral convection currents are reversed.

3.2 Velocity and temperature profiles (2D)

The governing equations associated with natural
convection are used in the simulation model in this
paper. The three partial differential equations are
reduced to two ordinary differential equations by
applying a similarity solution. The two coupled
ordinary differential equations are obtained for flow
induced by a vertical wall with either a constant wall
temperature or constant heat flux. In 1911,
Pohlhausen was the first to solve these equations for

a vertical wall with constant wall temperature. By
1930, Schmidt and Beckmann had solved these
equations for Pr = 0.733. In 1953, Ostrach
increased the solution to Prandtl numbers ranging
from 0.01 to 1,000. Sparrow and Gregg (1956)
obtained a similarity solution for a vertical wall with
a constant heat flux and investigated Prandtl num-
ber ranging from 0.1 to 100. 

3.2.1 Vertical wall with constant wall temperature
The dimensionless velocity and temperature dis-

tribution was developed by Ostrach. Values for
dimensionless velocity distribution, ƒ”(0), and
temperature distribution, θ’(0) were obtained from
solutions provided by Ostrach as seen in Table 1.

A MATLAB model was developed to solve these
equations and the results compared to the solutions
obtained by Ostrach. The model was able to pro-
vide the velocity and temperature profiles for a ver-
tical wall with any wall temperature and length.
Further, the model was able to adapt for various flu-
ids given that the fluid properties are available.
These graphs offered valuable insight for a basic
understanding in fluid flow where a vertical isother-
mal wall is considered with water as fluid medium.
The dimensionless temperature and velocity distri-
bution graphs are shown in Figure 2 and 3. 

The results were compared to those from
Ostrach, aclear correlation is observed as in Table
2.The model is thus accurate in solving the ordinary
differential equations with boundary conditions. 

The velocity and temperature profiles, for a
given wall temperature and length, are obtained by
using the similarity parameters as seen in Figure 4.

Journal of Energy in Southern Africa  • Vol 25 No 3  • August 2014 37

Figure 1: LP SWH system

Table 1: Calculated values for various values of Pr (Ostrach, 1953) 

Pr 0.01 0.733 1 2 10 100 1000

ƒ”(0) 0.986 0.674 0.642 0.571 0.419 0.252 0.145

θ’ (0) 0.081 0.508 0.567 0.716 1.168 2.191 3.970



Table 2: Calculated values for various values of

Pr using MATLAB

Ostrach (1953) MATLAB Model

Pr ƒ”(0) θ’(0) ƒ”(0) θ’(0)

0.733 0.674 0.5088 0.674 0.505

1 0.642 0.567 0.641 0.567

10 0.419 1.168 0.419 1.168

100 0.252 2.191 0.251 2.186

Figure 4: Velocity and temperature profile

created in MATLAB

The wall has a length of 10 cm and temperature
of 19oC. The fluid medium is water with a temper-
ature of 15oC.

3.2.2 Vertical wall with constant heat flux
For a vertical wall with constant heat flux, the val-
ues for the dimensionless velocity distribution,
ƒ”(0), and temperature distribution, θ’(0) were
obtained from solutions provided by Sparrow
(1956), as seen in Table 3. 

For this case, a MATLAB model was developed
to obtain the velocity and temperature profiles for a
vertical wall with a certain length and constant heat

flux. The model was adapted for various fluids. The
graphs offered valuable insight on the basic under-
standing in fluid flow where a vertical Isoflux wall is
considered. The dimensionless temperature and
velocity distribution graphs were simulated by the
MATLAB model as shown in Figures 5 and 6.

Table 3: Calculated values for various values 

of Pr 

(Sparrow, 1956)

Pr 0.1 1 10 100

ƒ”(0) 1.643 0.722 0.306 0.126

θ’(0) -2.751 -1.357 -0.767 -0.466

Figure 5: Dimensionless velocity distribution

with various Prandtl numbers

Figure 6: Dimensionless temperature

distribution with various Prandtl numbers

When these results were compared to those
from Sparrow, (1956), correlation was observed as
in Table 4. The model was thus accurate in solving
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Figure 2: Dimensionless velocity distribution

with various Prandtl numbers

Figure 3: Dimensionless temperature

distribution with various Prandtl numbers



the ordinary differential equations with boundary
conditions. 

Table 4: Calculated values for various values 

of Pr

Sparrow (1956) MATLAB Model

Pr ƒ”(0) θ’(0) ƒ”(0) θ’(0)

0.1 1.643 -2.751 1.589 -2.686

1 0.722 -1.357 0.722 -1.358

10 0.306 -0.767 0.306 -0.768

100 0.126 -0.466 0.125 -0.469

The velocity and temperature profiles for a given
wall flux and length, were obtained by using the
similarity parameters as seen in Figure 7. The wall
has a length of 10 cm and the heat flux applied was
1kW/m2. Water at 15oC was considered in the sce-
nario. 

Figure 7: Velocity and temperature profile

created in MATLAB

A difference was noted between the velocity and
temperature graphs from the simulations for an
isothermal and isoflux vertical wall. In both simula-
tions, the Prandtl number was 7.5. 

To obtain the same Prandtl number, the wall
temperature and heat flux were adjusted. In the
isothermal case, the temperature distribution
reduced gradually further away from the wall with
almost uniform layers. In the isoflux case, the tem-
perature distribution grew along the wall and
reduced gradually away from the wall. A higher
velocity was achieved for the isothermal case. 

However, if the length of the wall is increased
significantly, the velocity and temperature of the
isoflux scenario will be greater for the same given
wall length in the isothermal case. This is due to an
increase in energy per unit length from the constant
heat flux. In LP SWHs, the isoflux scenario can be
applied to the vacuum tubes. The vacuum tubes are
exposed to the solar radiation throughout the day
and for any given instance, a constant heat flux is
observed on the tube wall with a flux distribution
(Window, 1983) around the circumference as in
Figure 8.

3.3 Velocity and temperature profiles (3D)

The geometrical shape of the vacuum tubes found
in LP SWHs are three dimensional while the model
developed only accounted for flow in the two
dimensions. Nevertheless, the model is a good rep-
resentation of the flow that occurs in the tubes. For
cases where the diameter was very large compared
to the length of the tube, natural convection flow
currents over a flat plate can be considered
(Lighthill, 1953), and thus the model can be
applied. The main purpose of the model is to vali-
date the theory found in literature and provides a
visual understanding of the flow found in natural
convection. In the three dimensional realm, the
governing equations and boundary conditions are
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Figure 8: Solar flux distribution on a tube 

(Window, 1983)



adapted to account for the extra added dimension
and geographical shape of the object as in Figure 9.

Figure 9: Tube with constant heat flux 

(Shahi, 2009)

3.4 Mass flow rate

In 2005, Budihardjo developed a correlation for the
natural circulation flow rate through single-ended
tubes (at the tube opening). The flow rate correla-
tion is based on the solar input the tube receives,
the tank temperature, the collector’s tilt angle and
tube aspect ratio.

3.5 Tilt Angle

To maximise the annual energy collection from the
collector, the tilt angle of the collector should be
mounted at an optimal tilt angle. In 2009, Tang
investigated the optimal tilt angles of all-glass evac-
uated tube solar collectors and developed a
detailed mathematical procedure for calculating the
collected radiation on a tube for any given tilt and
azimuth angle. It was found that south facing col-
lectors only rely on the optimal tilt angle for maxi-
mum annual energy collection. The optimal tilt
angle for these collectors are generally less than the
site latitude, and the optimal tilt angle decreases
with an increase in the central distance (B) between
adjacent tubes as in Table 5a and 5b, where D1 and
D2 are the inside and outside diameter respectively.

According to Tang (2009), for areas with a high
solar radiation index, the optimal tilt angle is close
to the site latitude, whereas areas with a low solar
radiation index, the optimal tilt angle is lower than
the site latitude. If the site latitude is larger than 30,
the optimal tilt angle is 10o lower than that of the
site latitude. 

Vacuum tube collectors are different to flat-plate
collectors which are generally installed with the
same tilt angle as the site latitude. South facing tube
collectors should thus be installed with a tilt angle
lower than the site latitude to ensure maximum
annual collectable radiation. If two cities in South
Africa are considered, Johannesburg (26.12S
28.4E) and Cape Town (33.55S 18.22E), the total

annual energy collection for these cities would vary,
thus an optimal tilt angle is required for these cities.
The fixed tilt angle of 45o commonly used for most
LP SWHs should hence be reconsidered for
increased energy. 

Table 5a: Optimal tilt angles for south facing

collectors 

(Tang, 2009) 

Optimal tilt angles (degrees)

Latitude B=80 B=90 B=100 B=110 B=120

45.75 o N 34.8 34.0 33.4 32.8 32.3

43.78 o N 31.6 30.9 30.3 29.8 29.3

39.95 o N 30.5 29.8 29.3 28.8 28.4

36.02 o N 26.9 26.4 25.9 25.4 25.0

34.25 o N 21.9 21.4 20.9 20.5 20.1

31.20 o N 20.2 19.7 19.3 19.0 18.6

30.67 o N 15.4 14.9 14.5 14.1 13.9

25.01 o N 21.0 20.7 20.3 20.1 19.8

Tubes D1 = 47, D2 = 58

Table 5b: Optimal tilt angles for south facing

collectors 

(Tang, 2009)

Optimal tilt angles (degrees)

Latitude B=70 B=80 B=90 B=100

45.75 o N 34.3 33.5 32.7 32.1

43.78 o N 31.2 30.4 29.7 29.1

39.95 o N 30.1 29.4 28.8 28.2

36.02 o N 26.6 25.9 25.4 25.0

34.25 o N 21.6 21.0 20.5 20.1

31.20 o N 19.9 19.4 19.0 18.5

30.67 o N 15.0 14.5 14.1 13.8

25.01 o N 20.8 20.4 20.1 19.7

Tubes D1=37, D2 =47

3.6 Length-radius ratio

Lighthill (1953) developed methods to predict the
flow and heat transfer caused by natural convection
in vertical heated tubes. From these methods, a pre-
diction could be made irrespective of the flow, i.e.,
laminar or turbulent and irrespective of the bound-
ary layer of the heated fluid filled the tube or filled
the tube with a stagnant region near the end.
Lighthill discovered that the flow depends on a
modified Grashof number and on the length-radius
ratio. If a stagnant region occurred in the vacuum
tube, that section would become inactive resulting
in lower heat transfer in the tube (Budihardjo et al.,
2004). The parameter defining the existence of a
stagnant region as developed by Lighthill is:

T = RaCosθ r L (1)
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Where Raθ and L/r are the Rayleigh number (based
on the radius of the tube), tilt angle from the verti-
cal and length-radius ratio respectively. When T <
350, a stagnant region forms.  

4. Simulation results

A simulation model was developed for LP SWHs.
This simulation model was used to assess the effects
of various tilt angles, length-radius ratios, effect of
water temperature and solar radiation received. The
model was based on the theory covered in Section
3 and results obtained offered valuable results for
practical considerations of LP SWH system design
and installations. The flow patterns in a thermo
siphoning tube were investigated by Budihardjo
(2005) and results obtained indicated that a tube
with uniform top heating induces flow as a single
stream to the bottom of the tube and back to the top
in a loop. For large heat fluxes, flow could become
transitional or turbulent but the counter-flowing
stream characteristic still held (Schmid et al., 1986).

4.1 Tilt angle

The tilt angle of a collector plays a very important
role in solar collectors. Literature shows that exten-
sive research has been done to determine the opti-
mal tilt angle for solar collectors such as flat-plate

collectors. However, collectors such as the LP SWH
systems consist of tubes and this track the sun pas-
sively due to the tube geometry, thus having a high-
er peak solar window. It is favourable for any col-
lector to intercept the direct radiation of the sun per-
pendicular to the absorber surface of the collector;
this reduces the amount of rays being deflected
away from the surface, losing in effect useable ener-
gy from the sun. A transverse and longitudinal inci-
dence angle modification is thus desired for the
tube geometry of the LP SWH collector (Zambolin,
2010). A simulation model was created in TRNSYS
to determine the optimal tilt angles for a collector. It
was found that the tilt angle of 45⁰ was indeed not
the optimal tilt angle to use throughout the country.
Four geographical locations where chosen for the
simulation. These cities include Cape Town,
Johannesburg, Durban and Upington. The maxi-
mum annual energy is observed when the tilted sur-
face is equal to the site latitude as seen in Figure 11.

This theory is a well-known fact in the solar
industry and considered by many solar collector
installers and manufacturers. However, the con-
sumer does not benefit as much from this tilt angle
in the winter seasons when the demand for hot
water increases. Thus, the tilt angle needs to be
adjusted to accommodate the need for hot water in
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Figure 10: Velocity contours at various axial locations

Tube length = 1420 mm, diameter = 34 mm, tilt angle = 45°, heat input 75 W 
(Budihardjo, 2005)

Figure 11: Total annual energy on a tilted surface



the winter seasons. It was found that a tilt angle
approximately 15-20⁰ higher than the site latitude
would be more beneficial. This corresponded with
the sun path during winter seasons. It is clear that
the collector tilt angle should be adjusted seasonal-
ly to maximize energy output as seen in Figure 12.

Table 6 shows the increase in energy by adjust-
ing the tilt angle to accommodate the sun.

4.2 System performance

The LP SWH simulated in TRNSYS had 21 vacu-
um tubes of inner tube diameter = 34 mm and tube
length = 1.42 m and 153 litre tank. Details of the
system are presented in (Budihardjo, 2005). Figure
13 shows the effect of tank temperature increases
on the mass flow rate within the tubes and the ener-
gy collected by the collector (a tilt angle of 45o). The
topmost subplot represents the energy collected by
one vacuum tube.

It was clear that an increase in the tank temper-
ature affected the mass flow rate and this was attrib-
uted to the effect of the Prandtl number. As the tank
temperature increased, the Prandtl number de-
creased because the viscosity and specific heat
decreases, and the thermal conductivity increases.
A lower viscosity ensures less resistance in fluid flow
and thus a larger mass flow. The high thermal con-
ductivity ensures that heat is conducted more effi-
ciently throughout the fluid and the higher buoyan-
cy force results in the lower specific heat, requiring
less heat to raise the temperature of the fluid by one
degree (increasing the density difference within the
fluid). On a clear sunny summer day in Cape Town,
the collector would increase the tank temperature
from 20o to 50o. 

Similarly, the amount of solar radiation the col-
lector utilizes affects the tank temperature and mass
flow rate as seen in Figure 14. These simulation
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Figure 12: Summer (top) and winter (bottom) energy profiles for a tilted surface

Table 6: Available energy increase by adjusting tilt angle

Total annual energy on Cape Town Johannesburg Durban Upington 
tilted surface per m2 33.5’S 26.28’S 29.53’S 28.26’S

Standardized collector (45o) 2.02 2.07 1.72 2.31

Maximize (tilt at site latitude) 2.17 2.25 1.84 2.51
(7.21%↑ ) (8.72 %↑) (7.04%↑) (8.56%↑)

Optimize (summer + winter) 2.26 2.37 1.92 2.64 
(11.73%↑) (14.44%↑) (11.56%↑) (14.21%↑)

Tilt angle
Summer 15 7.5 7.5 7.5
Winter 52.5 45 45 45



results are from a typical winter day in Cape Town. 
The parameters (tube length, tube diameter and

tank size) of the system were changed to illustrate its
effects on the system performance. It was found
that if the 21 tubes were replaced with 12 tubes with
a diameter of 47 mm and length of 1.8 m, similar
results were found as in Figure 15. The energy col-
lected by the collector was the same, however, the
power rating of each tube increased from approxi-
mately 40 W to 70W. This was attributed to the
increase in diameter and length of the tube. This
change greatly affected the mass flow rate within
the tubes as represented in the following graph.

Research in the Department of Electrical
Engineering, at the University of Cape Town is
investigating the performance of a LP SWH with
the following specifications; tank size of 100 L with
12 tubes, tube inside diameter 42 mm and length
1.8 m. The collector’s performance was monitored
in two geographical locations (Cape Town and
Johannesburg). Tests were done on the system to
determine the heat loss coefficient of the tank and
tubes, and the optical efficiency of the collector. 

These results were used in the TRNSYS simula-
tion program. Simulation results give a good
approximation of the system performance when
attributes of the system components are changed.
These results can be used for design considerations
and installations of LP SWHs to accommodate the
consumer’s needs and maximization of solar radia-
tion received.

5. Design and installation considerations for

LP SWHs

The most influential factor in selecting a solar col-
lector is the geographical location specific. Each
location is unique with varying weather conditions
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Figure 13: Effect of tank temperature on mass

flow rate

Figure 14: Effect of solar radiation on mass

flow rate and tank temperature

Figure 15: Effect of tube diameter and length on

mass flow and tank temperature



throughout the year and the site latitude. Thus it is
important to perform a detailed solar resource
assessment of the site. Various data bases on the
Internet are available to obtain reliable information
regarding weather data and annual solar radiation
availability. As seen from the simulation results, the
tilt angle of a collector should be adjusted to accom-
modate the winter and summer seasons. For fixed
tilt angle, which account for large number of instal-
lations, an optimum tilt angle is recommended.
However, this ‘optimal’ angle should offer adequate
hot water during the winter when the hot water is
needed most. If the location is prone to more
cloudy weather conditions, where solar radiation is
limited, for example, Durban, more tubes should be
considered to deliver the same system performance
of a collector of the same size situated in a more
favourable location, for example, Upington. 

Importantly, a detailed hot water usage profile
should be taken into account. This profile should
reflect the number of family members in the house-
hold and their hot water use habits. Table 7 shows
a sample guide that can be used to determine the
size of the solar tank.

Table 7: Water consumption per person

Application Volume water used Temperature  
(litre) required (oC)

1 x hand wash 3 40 

1 x shower 35 40 

1 x bath 120 40 

1 x dish washing 5 40 

1 x dish washer 20 50 

1 x washing machine 30 50 

cleaning/cooking 3 40 

Average consumption values per person per day:

Low consumption 20-30 40 - 45

Average consumption 30-50 40 - 45

High consumption 50-70 40 - 45

The following procedure can be followed to
determine the tank and collector size for a family.
For example, for a family of 4, the volume of the
tank can be determined by equation 2:

V = (4 persons) × (50L) @ 45°C 
= 200L @ 45 per day (2)

The heat required to heat up the water from
15°C to 45°C every day is:

Q = mCp∆T = (200)(4200/3600)(45 – 15) 
= 6.96kW (3)

Hence a collector delivering 7kWh/day can provide
the family with sufficient hot water. Power ratings of
the tubes can be determined from the tube dimen-

sions. For example, a tube with an inner tube diam-
eter of 47 mm and tube length of 1.8 m, can pro-
vide approximately 450 W/day of power in the
summer and 380 W/day in the winter for Cape
Town weather conditions. This translates into 16
tubes required during summer and 19 tubes in the
winter. The results of these calculations were con-
sidered in the simulation model and results shown
in Figure 16 agree.

Figure 16: Collector size for summer and winter

seasons (Cape Town)

The flow rate in the tubes can be altered by
changing the tube dimensions as earlier shown in
Figure 14 and 15 with the smaller tubes delivering
a lower mass flow rate than the larger tubes. This is
because an increased number of smaller tubes are
required to deliver the same amount of heat; how-
ever, this could increase system costs. In such cir-
cumstances, it is recommended that the tube
dimensions are changed, rather than the tilt angle of
the collector due to the possibility of losing available
solar radiation.

6. Conclusion

In this paper, the natural convection phenomenon
has been investigated. Two scenarios were consid-
ered, a vertical wall with a constant wall tempera-
ture and a vertical wall with constant heat flux. 

Similarity solutions where applied to the gov-
erning equations to transform partial differential
equations to ordinary differential equations. These
equations were solved in MATLAB to obtain veloc-
ity and temperature profiles. The figures provided a
great insight in the natural convection taking place
in these scenarios. It was observed that the scenario
of the constant heat flux along the wall would bet-
ter represent solar radiation found on a vacuum
tube from a LP SWH. 

Further investigations showed that the two
dimensional model is a good representation of the
thermo-siphon process observed in single ended
vacuum tubes. A simulation model was developed
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to ascertain the system performance of the LP
SWH. In the simulation results, it was clear that the
tank temperature, tube dimensions (length and
diameter) and solar radiation absorbed by the tube,
affect the mass flow rate. Through simulation, the
optimal tilt angles for different geographical loca-
tions were identified. At least two tilt angles are
required (summer and winter) to maximize the solar
radiation utilized by the collector, thus the stan-
dardized 45 degree angle is not the optimal tilt
angle to use throughout South Africa. 

An increase in efficiency of 11% to 14% is
observed if tilt angles are adjusted seasonally. The
optimal tilt angle for Cape Town during winter sea-
sons was found to be approximately 52.5o. From
the simulation results, a guide to deployment of LP
SWH could be obtained and has been included in
this paper to assist LP SWH manufacturers in their
design and installation considerations.
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Abstract

This study uses annual data from 1974 to 2011 to
examine the long-run and short-run relationships
between fossil fuel powered electricity consump-
tion, economic growth, energy prices and techno-
logical innovation for four net energy exporting
countries. Canada, Ecuador, Norway and South
Africa are chosen as the main research background
in order to investigate how the development degree
and economic dependence on energy exports affect
the electricity-growth nexus. Based on the results
drawing from the ARDL approach and the Granger
causality test, economic growth positively influences
the variation in fossil fuel powered electricity con-
sumption in both the short-run and long-run for all
four countries. The reverse causality from electricity
consumption to economic growth is only evident in
Ecuador and Norway. The degree of dependence
on energy exports is a contributory factor of
explaining the causality puzzle of the electricity-
growth nexus. Given the fact that technological
innovation does not benefit fossil fuel powered elec-
tricity generation, this paper suggests these net
energy exporting countries to replace fossil fuel with
more sustainable and effective sources in the elec-
tricity generation process.
Keywords Electricity-growth hypothesis; energy
prices; technological innovation; ARDL approach;
VEC model; Granger causality 

1. Introduction

Growing concerns over shortages in fossil fuel
supply have triggered the interests of many studies
on investigating the relationship between electricity
consumption and economic growth. Although new
results have continued to emerge from empirical
studies on the electricity-growth nexus since the
1970s, there is still a lack of consensus on the deter-
minants of this relationship (Payne, 2010).
According to Narayan and Prasad (2008), two-
thirds of available studies published in Energy
Policy and Energy Economics find a unidirectional
Granger causality running from electricity con-
sumption to economic growth in both developed
and developing countries. In other words, imple-
menting electricity conservation policies could slow
down economic growth due to the fact that most
countries are economically dependent on the
expansion in the electricity-gulping industries to
support their social developments (Murry and Nan,
1996; Wolde-Rufael, 2006; Chen et al., 2007;
Narayan and Prasad, 2008). 

Moreover, although a series of price hikes in fos-
sil fuel and the agreement of phasing out inefficient
fossil fuel subsidies in G20 benefited fossil fuel
exporting economies in year 2008, this lucrative
exporting income stream did not sustain due to the
beginning of the first commitment period (2008-
2012) of the Kyoto Agreement (G20 Research
Group, 2013). During the first commitment period,
the annual average price of crude oil, natural gas
and coal has been dropping from $98.69 (per bar-
rel), $8.78 (per MMBTU) and $127.10 (per MT) to
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$109.39 (per barrel), $2.79 (per MMBTU) and
$94.03 (per MT), respectively. A high correlation
between fossil fuel rents and fossil fuel prices has
significantly caused the income inflows of net ener-
gy exporting countries vacillated (reported in Table
1). Further, the energy sustainability and environ-
mental impacts of using fossil fuel have significantly
influenced fossil fuel users and energy exporting
economies (United Nation, 2005). Therefore, net
energy exporting countries are required to gauge
the optimal balance (or opportunity costs) between
exporting fossil fuel and in-home utilization in elec-
tricity generation for the sake of stabilizing their
economies.

However, Payne (2010) noticed that the growth
hypothesis is usually inapplicable to explain the
electricity-growth nexus in net energy exporting
countries because of their strong energy security
and a significant share of energy exports in GDP.
Besides, changes in a country’s development
degree might also influence the electricity-growth
nexus in that country since different economic
stages require dissimilar policy treatments in elec-
tricity generation to support economic develop-
ments. Thus, the development trajectory and eco-
nomic dependence on energy exports of a country
are significant criteria for studies on the relationship
between energy consumption and economic
growth. An attempt to introduce a categorization on
the degree of economic development and depend-
ence on energy exports (or fossil fuel rents) is nec-
essary to reduce contradictory results regarding the
electricity-growth nexus in the energy exporting
economies (Chen et al., 2007; Squalli, 2007;
Narayan and Prasad, 2008; Payne, 2010).  

According to Tang and Tan (2012; 2013), tech-
nological innovation and fossil fuel prices play a sig-
nificant role in the decision making process of gaug-
ing the optimal balance. This is because technolog-
ical innovation decides the efficiency and sustain-
ability of using a certain type of electricity generat-
ing method, such as fossil fuel-fired power plant
(Popp, 2001); while energy prices determine the
impacts of volatile energy prices on the price of fos-
sil fuel powered electricity (Jamil and Ahmad,
2010). Given the global focus on averting the

tragedy of the commons, technological innovation
can also serve as a driver of energy-saving tech-
nologies (Tang and Tan, 2013), or an alternative
measure to reduce a country’s reliance on fossil fuel
powered electricity (Popp, 2001), in the contempo-
rary context. Hence, without considering the
impacts of technological innovations and energy
prices on the electricity-growth nexus, policy makers
are unlikely to make a sound conclusion regarding
the feasibility of implementing energy conservation
policies in fossil fuel powered electricity generation.

Since numerous studies have concluded the
effect of economic development and fossil fuel rents
on the electricity-growth nexus (Payne, 2010) and
the energy-growth nexus (Ozturk, 2010), we have
chosen four countries to incorporate these impacts
into the examination of the nexus of fossil fuel pow-
ered electricity consumption, economic growth, rel-
ative prices of fossil fuel to non-energy goods and
technological innovation in net energy exporting
countries. Canada and Norway represent devel-
oped economies, while Ecuador and South Africa
represent developing economies. In addition,
Canada and South Africa depend little on energy
exports, while Norway and Ecuador are more eco-
nomically dependent on energy exports (reported
in Table 1). Besides, one unique characteristic for
the high dependence group is that they have expe-
rienced a persistent increasing trend in the fossil fuel
energy consumption over 1971 to 2011 (as shown
in Figure 1). Table 2 categorizes these countries into
a matrix following their respective economic devel-
opment degree and fossil fuel rents. Worth to men-
tion, both Norway and Canada have introduced
explicit energy conservation policies, which are
Green Paper and energy efficiency regulations, to
curb excessive electricity consumption.

Table 2: Countries chosen by development

degree and fossil fuel rents

Economic development Fossil fuel rents

High Low

High Norway Canada

Low Ecuador South Africa
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Table 1: Fossil fuel rents of four net energy exporting countries 

(World Bank Indicator, 2014a; 2014 b; 2014c)

2008 2009 2010 2011 2012

Canada (%) 6.86 2.8 3 3.73 3.3

Ecuador (%) 26.97 15.1 17.78 21.56 19.35

Norway (%) 21.79 13.08 13.15 13.54 11.86

South Africa (%) 7.6 2.76 3.65 4.63 3.48

Four countries (%) 15.8 8.44 9.39 10.86 9.5

Fossil fuel index ($) 78.19 46.51 61.05 74.08 64.39

Correlation between national fossil fuel rents and fossil fuel index 0.8035



This study aims at providing two main contribu-
tions to the energy literature. First, this paper
deploys the Granger causality test under the error
correction model to extend the evaluation of the
electricity-growth nexus for four net energy export-
ing countries. Following the matrix that categorizes
these countries according to their respective eco-
nomic development and fossil fuel rents, the causal-
ity result will be constructive to determine the statis-
tical magnitude of economic development and fos-
sil fuel rents in the electricity-growth nexus. Second,
instead of using total electricity consumption like
the majority of the previous researches, this paper
employs fossil fuel powered electricity consumption
to investigate the necessity of using fossil fuel pow-
ered electricity that could endanger the environ-
ment. Last, the advancement in technology could
result in fossil fuel powered electricity being substi-
tuted by other sources to combat the emission issue,
or being improved to minimize social costs.

Primarily, this paper targets to examine the
direction of causality and both the short-run and
long-run relationships between fossil fuel powered
electricity consumption, economic growth, relative
prices of fossil fuel to non-energy goods and tech-
nological innovation for four net energy exporting
countries following the preceding matrix. In light of
the Kyoto Agreement, global shrinkage in the use of
fossil fuel may increase the impact of economic
growth on fossil fuel powered electricity consump-
tion to countries with high fossil fuel rents. The rea-
son is that they would convert their energy exports
into in-home utilization in commensurate with the
variation in international prices. Since the initiatives
to combat climatic changes are a global action, a
number of developing countries have also
embarked to use the energy efficiency practice to
control the repercussion of economic growth on the
environment (Bildirici and Kayikci, 2012; UNIDO,
2011). If fossil fuel powered electricity consumption
positively influences economic growth, an energy

conservation policy could only protect the environ-
ment at the expenses of economic growth.

The rest of the paper is organized as follows:
Section 2 reviews those past studies that have
examined the electricity-growth nexus. Section 3
presents the research methodology. Section 4 dis-
cusses the results. The final section concludes this
study with a summary of the main findings, and
with several implications of this study to theoretical
contribution and policy making.

2. Literature review

Following the seminal work of Kraft and Kraft
(1978), the energy-growth nexus has been studied
extensively by many scholars (e.g. Erol and Yu,
1987; Hwang and Gum, 1991; Cheng and Lai,
1997; Soytas and Sari, 2003; Lee and Chang,
2008; Tang and Shahbaz, 2013). The massive
accumulation of studies analysing the energy-
growth nexus without a substantive consensus has
led to a shift from explaining this traditional nexus
to generalize the nexus’s fundamentals to the scope
of electricity consumption (Ozturk, 2010). 

According to the literature survey of Payne
(2010), empirical results of the electricity-growth
nexus can be categorized into four general stances
following the direction of causality between electric-
ity consumption and economic growth. First, the
electricity-led-growth stance suggests that a laissez-
faire approach of expanding electricity is benign to
economic growth since electricity consumption one-
way Granger causes economic growth. Second, the
economy-driven-consumption stance proposes an
expansion in economic development unidirection-
ally elevates the electricity consumption degree.
Third, the bidirectional stance postulates that the
reciprocal relationship between electricity consump-
tion and economic growth simultaneously interlocks
the causal link between electricity consumption and
economic growth. Last, the neutrality stance sur-
mises that there is no causality between electricity
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Figure 1: Fossil fuel energy consumption per capita 

(World Development Indicator, 2014d; 2014e)



consumption and economic growth. In short, the
direction of causality determines the weight of the
pros and cons of implementing electricity conserva-
tion policies.

Murry and Nan (1996) investigated the electric-
ity-growth nexus for 23 countries over the period
1970-1990 by deploying the Granger causality test
within the vector autoregressive (VAR) model. Their
results showed that electricity consumption Granger
causes economic growth in Canada, while this rela-
tionship is not evident in Norway. However, a sub-
sequent study by Narayan and Prasad (2008)
revealed that this relationship does not exist in both
Canada and Norway once the research time span
had been extended from 1960-2002. Similarly, a
following study by Bildirici et al. (2012) suggested
that congruence in results could be not archived in
Canada via using the autoregressive distributed lag
(ARDL) model to investigate the electricity-growth
nexus in Canada over the period from 1978 to
2010. Their results suggested a unidirectional
Granger causality running from electricity con-
sumption to economic growth, which contradicts
the results of Narayan and Prasad (2008). Although
all of these studies were adopting the Granger
causality test to observe the direction of causality,
different model specifications (e.g. VAR and ARDL)
and research time spans yielded dissimilar results
with the passage of time.

An inconsistency in the results of the nexus is not
only limited to Canada, but also present in Ecuador
and South Africa. According to the panel study of
Mehrara (2007), there is a strong unidirectional
Granger causality from economic growth to elec-
tricity consumption in 11 oil exporting countries,
inclusive of Ecuador, over the period from 1971 to
2002. However, Yoo and Kwak (2010) reported an
opposite result against the findings of Mehrara
(2007) for Ecuador, for the reason that a panel
study may only recapitulate the brief symptom of a
region. Yoo and Kwak (2010) found electricity con-
sumption Granger causes economic growth in
Ecuador over the period 1975-2006, using the
Hsiao version of the standard Granger causality
test. Apergis and Payne (2011) also reported a uni-
directional Granger causality from electricity con-
sumption to economic growth for the panel of
lower-middle income countries, inclusive of
Ecuador.

Moreover, employing the Toda-Yamamoto
causality test, Wolde-Rufael (2006) concluded that
the electricity-growth nexus is not significant in
South Africa over the period from 1971 to 2001.
Wolde-Rufael’s (2006) findings were dismissed by a
chronologically later study from Squalli (2007),
which found a significant effect of electricity con-
sumption on economic growth in South Africa. In
the panel study of Apergis and Payne (2011), they
documented a bidirectional relationship between

electricity consumption and economic growth in
South Africa. The only exception to inconsistent
results is that the neutrality in the electricity-growth
nexus in Norway has been consistent across differ-
ent time spans and methodologies (Murry and Nan,
1996; Narayan and Prasad, 2008).

By summarizing 65 studies relating to the elec-
tricity-growth nexus, Payne (2010) highlighted that
the assessments of the electricity-growth nexus in
the past were problematic because of the use of
small sample size and mixed integration order in the
variable series. He also noticed that a panel study is
generally insufficient to capture the inner economic
essence of a country, and incapable to reflect that
essence in the research output of a panel study.
Namely, accurate suggestion to a specific country is
unlikely to be yielded from a panel study, even
though Narayan et al. (2010) found the globe gen-
erally expresses a bidirectional relationship between
electricity consumption and economic growth in
their global panel study. Therefore, instead of sim-
ply extending the research by stretching the
research time span, Payne (2010) suggested that a
significant progress in dissecting the nexus, and in
minimizing the omitted-variable bias, may be
achieved by incorporating new endogenous (or
exogenous) variables to depict a clearer picture of
the relationship between electricity consumption
and economic growth.

The contradictory evidences from those past
studies support Payne’s (2010) and Ozturk’s (2010)
call to search a new way of structuring the research
framework of the nexus. They suggested that using
better methodologies and more explanatory vari-
ables may obtain a more robust result than those
incongruent past studies. This study seeks to stretch
the boundaries of previous researches to test the
relationship between electricity consumption and
economic growth, using the additional variable of
technological innovation attempted by Tang and
Tan (2013), to explain the variation in fossil fuel
powered electricity consumption for net energy
exporting countries. Additionally, this study catego-
rizes net exporting countries according to their
respective economic development and fossil fuel
rents in order to determine if economic develop-
ment and fossil fuel rents matter in the electricity-
growth nexus. It is hoped that these paths will yield
some valuable insights on the electricity consump-
tion debate (Payne, 2010).

3. Research methodology

The variables used in this paper include per capita
fossil fuel powered electricity consumption, per
capita real GDP, relative prices of fossil fuel to non-
energy goods and the number of patents filed. The
research time span of this study is from 1974 to
2011. All secondary data were extracted from
World Bank and World Development Indicators.
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Although the scale of technological innovation is
difficult to estimate, this paper uses the amount of
patenting activities as the proxy of technological
innovation following the suggestions of several
empirical works that have used the number of
patents as a measure of technological innovation
(e.g. Grupp, 1996; Pavitt, 1985; Patel and Pavitt,
1994; Anderson, 1999; Hall et al., 2001; Dachs et
al., 2007; Schmoch, 2007; Chen et al., 2009; Ang,
2010; Jamasb and Pollitt, 2011; Lee and Lee,
2013; Tang and Tan, 2013). This is because the
number of patents can be considered as codified
interests of innovators in technological progress
(Popp, 2005; Duguet and Macgarvie, 2005; Wong
and Goh, 2010).

Moreover, this paper uses the relative prices of
fossil fuel to non-energy goods as a proxy of energy
prices since energy prices in different countries are
subject to dissimilar degrees of governmental (e.g.
subsidies) and economic (e.g. price disparity) influ-
ences. The relative prices of fossil fuel to non-ener-
gy goods is superior to the Consumer Price Index in
the role of representing energy prices because this
proxy deflates international fossil fuel prices by a
national deflator, and reflects the real purchasing
power of consumers toward fossil fuel in an econo-
my (Tang and Tan, 2012). The relative prices of fos-
sil fuel to non-energy goods are customized in
accordance with the historical share of fossil fuel
(coal, natural gas and oil) in total electricity produc-
tion for each country. Hence, adopting the relative
prices of fossil fuel price to non-energy goods mini-
mizes the error of using a standardized proxy and
raises the reliability of the proxy in capturing the
impact of energy prices on electricity consumption
(Tang and Tan, 2012; Tang et al., 2013). 

This paper indirectly adapts the model specifica-
tion from Tang and Tan (2013). Two modifications
are applied to the original model of Tang and Tan
(2013), in which this paper replaces the indirect
measure of energy prices (CPI) by the relative prices
of fossil fuel to non-energy goods and substitutes
the variable of total electricity consumption by fos-
sil fuel powered electricity consumption. The rela-
tionship between fossil fuel powered electricity con-
sumption, energy prices, economic growth and
technological innovation is expressed as follows:

ln ECt = βo + β1 ln GDPt + β2 ln EPt 
+ β3 ln PTt + εt (1)

where ln denotes the natural logarithm, ECt is per
capita fossil fuel powered electricity consumption
(kg of oil equivalent), GDPt is per capita real gross
domestic product (in domestic currency), EPt is the
relative prices of fossil fuel to non-energy goods
(average fossil fuel prices adjusted by national
deflator) and PTt is the number of patents filed by a
country. The error term �t is assumed to be nor-

mally distributed and homoscedastic. Based on the
previous studies, the expected signs for the coeffi-
cient of economic growth, energy price and
technological innovation are �1 > 0, �2 < 0, and
�3 < 0, respective bely. This is because economic
growth is triggered by the prosperity of economic
activities, where these economic activities are con-
suming electricity (Payne, 2010). Further, an
increase in electricity price will lower the demand
for electricity consumption, ceteris paribus (Jamil
and Ahmad, 2010). Lastly, technological innova-
tion may contribute to the development of energy-
saving technologies (Popp, 2001) and better fuel
efficiency (DECC, 2012).

3.1 Unit root tests

According to Granger and Newbold (1974) and
Phillips (1986), a time-series model may produce
invalid estimates if the stochastic process is non-sta-
tionary. Since the existence of cointegration among
the variables is an essential prerequisite for the
Granger causality test (Masih and Masih, 1998),
applying a stationarity test prior to the cointegration
test prevents this research from adopting a wrong
cointegration approach in testing the causal rela-
tionship between the variables (Granger and
Newbold, 1974; Engle and Granger, 1987). Thus,
to minimize the possibility of yielding a spurious
relationship, this paper provides a preliminary view
of the stationarity properties of the variables before
embarking on the cointegration approach or causal-
ity test.

Prior to the cointegration test, we employ the
Augmented Dickey Fuller (ADF, Dickey and Fuller,
1979) and Phillips Perron (PP, Phillips and Perron,
1988) unit root tests to ascertain the order of inte-
gration of each series. However, Perron (1997) and
Bai and Perron (1998) found the presence of struc-
tural breaks within a data series might make tradi-
tional standard unit root tests less effective in exam-
ining the stationarity properties of data series. Thus,
in addition to the Augmented Dickey-Fuller and
Phillips Perron unit root tests, this paper also applies
the Zivot–Andrews (ZA, Zivot and Andrews, 1992)
unit root test with one structural break to confirm
the order of integration of each series because tra-
ditional unit root tests may be inappropriate when a
series contains structural breaks. 

This study adopts the Akaike Information
Criterion with a maximum lag of 6 lags as the basis
for selecting the amount of lagged terms for the
Augmented Dicket Fuller and Zivot-Andrews unit
root tests. The bandwidth of the Phillips Perron test
is chosen on the basis of the Newey and West data-
based automatic bandwidth parameter method.
The null hypothesis of these unit root tests assumes
a unit root in the data series examined. Rejecting
the unit root test’s null hypothesis is necessary to
further the research process of this study. Simul-
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taneously examining the stationarity properties of
both the level and first difference data series pro-
vides this study the integration order among all data
series. This information gauges the appropriateness
of using traditional cointegration approaches.

3.2 Autoregressive distributed lag (ARDL)

model to cointegration

Following the assessment of data series’ stationarity,
we apply the ARDL bounds testing approach to test
the presence of cointegration among electricity con-
sumption, energy prices, economic growth and
technological innovation for Canada, Ecuador,
Norway and South Africa. Although several
approaches exist for testing the presence of cointe-
gration among the variables, the ARDL model is
considered to be the best approach for this purpose
(Pesaran and Shin, 1999; Pesaran et al., 2001).
This is because the Engle and Granger (1987),
Johansen (1988) and Phillips and Hansen tests
(1990) are subject to the constraint of first difference
integration order. When the integration order
among the variables is mixed among I(0) and I(I),
these cointegration tests might yield unreliable
results. However, the ARDL bounds testing
approach is flexible to test for the presence of coin-
tegration among the variables regardless of I(0), I(1)
or I(0)/I(1). Besides, the ARDL model yields a con-
sistent output even if the sample size is small. This
is because this model effectively corrects for the
endogeniety problem among the explanatory vari-
ables and the estimates derived from the approach
(Narayan, 2005; Emran, et al., 2007). Hence, we
apply the ARDL model over the other approaches
to test for the presence of cointegration among elec-
tricity consumption, energy price, economic growth
and technological innovation. The ARDL model is
expressed as follows:

where ∆ denotes the first difference and θ is the
residual terms of the relationship. The Akaike
Information Criterion (AIC) is applied to select an
appropriate minimum lag length to test the cointe-
gration property because the Bayesian Information
Criterion is too parsimonious for a small sample size
(Liew, 2004). Since the F-statistics is susceptible to
the lag order selection, an inappropriate lag length
selection may create a research output error. Pes-
aran et al. (2001) generated two sets of asymptotic
critical values, which are an upper critical bound
and a lower critical bound, to evaluate whether
cointegration exists between two or more series.
There is a long run relationship between the vari-

ables if the calculated F-statistics is greater than the
upper critical bound. If the calculated F-statistics is
lower than the lower critical bound or is in between
the bounds, there is no cointegration among the
variables. If all variables are cointegrated, the error
correction model is an appropriate method to inves-
tigate the long run equilibrium among the variables.
This paper adopts the list of critical bounds gener-
ated by Narayan (2005) to test for the presence of
cointegration among the variables.

3.3 Granger causality test

When two variables are cointegrated, these vari-
ables will converge into a long run equilibrium
which mechanistically prevents these cointegrated
variables drifting away from each other in the long
run (Engle and Granger, 1987). According to
Granger (1969; 1988) and Enders (1995), the
Granger causality test is the best fitted model to
investigate the causal relationship between two
variables by including the lagged terms of both vari-
ables to explain the variation in the dependent vari-
able. If the inclusion of lagged observations does
significantly explain the variation in the dependent
variable, the explanatory variable is said to Granger
cause the response variable. Engle and Granger
(1987) emphasized that two cointegrated time
series will at least yield a unidirectional Granger
causality from one variable to another variable.

To examine the direction of causality between
the variables, the Granger causality test is used to
investigate the relationship between electricity con-
sumption, economic growth, energy prices and
technology innovation for Canada, Ecuador,
Norway and South Africa. The Granger causality
test is performed within the following vector error
correction model (VECM):
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where ∆ is the first difference operator and l is the
optimal lag order determined by the AIC. The error
terms (θ1t, θ2t, θ3t, θ4t) are assumed to be nor-
mally distributed and homoscedastic. The t-statistics
of the estimate of lagged error term, e.g. η1εt -1, with
negative sign is used to test the convergence speed
of the relationship against the long run equilibrium.
The F-statistics of first difference lagged independ-
ent variables is used to investigate the short run
causality between the variables under the examina-
tion of Wald test. The explanatory variables are said
to Granger cause fossil fuel powered electricity con-
sumption, only if β1i, δ1i and ζ1i are significantly dif-
ferent from zero, et cetera. If the variables are not
cointegrated, a first difference vector autoregressive
model will be adopted to test for the short-run
Granger causality between electricity consumption,
economic growth, energy prices and technological
innovation (Lutkepohl, 1991).

4. Findings and discussion 

As shown in Table 3, the results of the unit roots test
consistently reveal that all variables are stationary at
first difference with the only exception that electric-
ity consumption is stationary at level in South
Africa. By incorporating the presence of a structural
break into the unit root test, the results of the Zivot-
Andrews test indicate that few data series are also
stationary at level. This finding is consistent with the

claim that most of the macroeconomic variables are
stationary at first difference, although some could
also be stationary at level (Perron, 1989). Worth to
mention, the presence of structural break amplifies
the stationarity issue for South Africa and Ecuador.
This is because developing countries are more like-
ly to experience structural economic changes than
developed economies. Since all variables are not
purely integrated of order one, the Johansen (1988)
and Engle and Granger (1987) cointegration tests
may be less useful to investigate the presence of
cointegration among the variables. Besides, the
small sample size of this paper might yield a less
consistent result in the traditional cointegration
tests. Owing to these reasons, this paper adopts the
ARDL approach to cointegration to investigate the
presence of long run relationship between the vari-
ables. 

As mentioned earlier, the ARDL approach to
cointegration is suitable to investigate the presence
of cointegration among the variables when the sam-
ple size is small, and when the variables are subject
to the issue of I(1)/I(0). Hence, this model is appro-
priate for this study since the sample size only con-
sists of 38 observations for each variable, and
because those variables have possible mixed inte-
gration orders below I(2). The F-statistic for the
ARDL bounds testing approach and the diagnostic
test results are reported in Table 4.
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Table 3: Unit root tests’ results

Country ADF PP ZA (Levels)

Electricity consumptionLevels First differences Levels First differences Intercept Intercept and trend

Ecuador 0.7435[0] 0.0005[0]§ 0.6462[2] 0.0005[1]§ -5.5976[1]{1984}§ -5.1924[1]{1984}†

South Africa 0.0065[0]§ 0.0009[0]§ 0.0046[3]† 0.0010[2]§ -3.1603[0]{1998} -2.9204[0]{1998}

Canada 0.2130[0] 0[0]§ 0.2132[1] 0[1]§ -2.8983[0]{2005} -3.8872[0]{2000}

Norway 0.6626[0] 0[0]§ 0.6841[2] 0[1]§ -4.8171[0]{1990}* -4.7462[0]{1990}

Economic growth

Ecuador 0.8627[1] 0.0003[0]§ 0.2400[3] 0.0003[3}§ -2.9518[1]{1987} -3.0715[1]{1999}

South Africa 0.1166[0] 0[1]§ 0.1098[2] 0[14]§ -5.3550[1]{1990}§ -5.3485[1]{1990}†

Canada 0.8542[1] 0.0080[0]§ 0.7468[2] 0.0108[4]† -3.6851[1]{1993} -3.2106[1]{1992}

Norway 0.2812[0] 0[0]§ 0.3164[2] 0[1]§ -3.9587[0]{2003} -3.8755[0]{2003}

ADF PP ZA (Level)

Energy price Level First difference Level First difference Intercept Intercept and trend

Ecuador 0.7499[0] 0[0]§ 0.7499[0] 0[4]§ -3.4875[0]{1986} -3.3766[0]{1986}

South Africa 0.8363[3] 0.0448[2]† 0.5992[3] 0[1]§ -3.5056[3]{2006} -3.9314[3]{2001}

Canada 0.7958[0] 0.0001[0]§ 0.7729[2] 0.0001[1]§ -3.2368[3]{2004} -4.0983[3]{1997}

Norway 0.6464[0] 0.0004[0]§ 0.6746[2] 0.0002[11]§ -3.5924[1]{1996} -3.8612[1]{1997}

Technological innovation

Ecuador 0.6329[0] 0[0]§ 0.7028[4] 0[1]§ -3.5803[0]{2003} -4.6985[0]{1994}

South Africa 0.8487[0] 0.0005[0]§ 0.8188[2] 0.0006[3]§ -3.3393[1]{1996} -4.0113[1]{1998}

Canada 0.3078[0] 0[0]§ 0.3097[4] 0[3]§ -4.4241[4]{1990} -4.2864[4]{1990}

Norway 0.2607[1] 0.0053[0]§ 0.9381[1] 0.0057[3]§ -1.8563[1]{2005} -4.0390[1]{2005}
§, † and * denote rejection of null hypothesis at the 1%, 5% and 10% significance levels, respectively.
[] denotes the optimal lag for both ADF test and ZA test, and a bandwidth for the PP test. {} denotes a structural breakpoint for the ZA test.



Statistically, a long run equilibrium among the
variables is only present when the calculated F-sta-
tistic for the bounds test is greater than the upper
bound I(1) critical value (Narayan, 2005). The
results of Equation (2) suggest that there is a long
run relationship between fossil fuel powered elec-
tricity consumption, economic growth, relative
prices of fossil fuel to non-energy goods and tech-
nological innovation for Ecuador, South Africa,
Canada and Norway. The model specification for
Ecuador and South Africa, i.e. Fec(EC / GDP EP
PT), is significant at the 10% significance level,
while the same model specification for Norway and
Canada is significant at the 5% significance level.
The findings suggest that energy prices, economic
growth and technological innovation are associated
with fossil fuel powered electricity consumption in
the long run. Besides, the results also show that the
model specification is correct as the presence of
cointegration is observed in all the examined coun-
tries (Perman, 1991). Hence, the null hypothesis of
no cointegration can be rejected.

The Jarque-Bera statistics show that the residu-
als of the model are normally distributed (see Table
4). In addition, the results of the Breush-Godfrey
and ARCH LM tests indicate that those errors terms
are free from the issues of serial correlation and het-
eroscedasticity. Furthermore, the Ramsey RESET
test’s results show that the model is correctly speci-
fied as a linear regression since the null hypothesis
of the Ramsey RESET cannot be rejected even at
the 10% significance level. Hence, based on these
diagnostic tests’ results, the ARDL model is unlikely
to be affected by any known spurious effect on
regression over the sample period from 1974 to
2011.

Since the presence of cointegration among the
variables is confirmed, an estimation of the long run
coefficients from the ARDL model is necessary for
observing the long run behaviour of the determi-
nants of fossil fuel powered electricity consumption.
Table 5 presents the results of the long run coeffi-
cient of fossil fuel powered electricity consumption
using the ARDL model.

Three unique trends are evident from the results.
First, the endogenous growth theory may be inap-
plicable to the electricity-growth nexus in the fossil
fuel powered electricity generation sector. Although
technological innovation may have raised the effi-
ciency of overall electricity generation in Malaysia
(a net energy exporting country) as suggested by
Tang and Tan (2013), it does not show any long-run
relationship with the use of fossil fuel in electricity
generation for all net energy exporting countries
documented in this study. According to World
Development Indicator (2014f), the globe, especial-
ly developed economies, has been progressively
shifting from fossil fuel-fired plant to alternative
electricity generation methods (e.g. wind, hydro
and etc.) even though fossil fuel is the cheapest
solution to generate electricity. Thus, a progressive
shift from the use of fossil fuel to alternative energy
(e.g. hydro, wind and etc.) in electricity generation
contributes to the divergence in results (Sagar and
Holdren, 2002; U.S. EIA, 2011; Wonglimpiyarat,
2010). 

Another feasible reason for the insignificance of
technological innovation on electricity consumption
is that fossil fuel powered electricity consumption
has been gradually falling in developed economies
over the past few decades, due to the advocacy of
environmental protection (Lee and Lee, 2013).
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Table 4: F-statistics for investigating the existence of long run equilibrium among the variables

Ecuador South Africa Canada Norway

Fec(EC / GDP EP PT) 4.2435* 4.4924* 6.0957† 4.8665†

Optimal maximum lag 5,5,6,6 3,4,1,5 6,4,5,4 6,4,2,0

Lower I(0) Upper I(1)

Critical value bounds (F-tests)

1% 5.018 6.61

5% 3.558 4.803

10% 2.933 4.02

Diagnostic tests

Jarque-Bera 0.6218 (0.733) 0.5470(0.763) 0.7723(0.680) 1.6797(0.432)

Breusch-Godfrey 1.3243(0.262) 0.9450(0.331) 0.0831(0.773) 1.3377(0.247)

ARCH 1.3243(0.271) 0.4029(0.526) 1.4873(0.223) 0.2888(0.591)

RAMSEY 0.7848(0.442) 0.6622(0.416) 0.5065(0.477) 0.0011(0.974)

† and * Denote rejection of null hypothesis at the 5% and 10% significance levels, respectively. The critical values for bounds testing
are abstracted from Narayan (2005), Case 3: unrestricted constant and no trend.
Diagnostic test is presented as F stat (p-value).



According to Javorcik et al. (2004) and Herzer
(2012), there are several economic and develop-
ment channelling transferring innovation resources
from developed economies to developing
economies, such as foreign direct investments and
technological aids. As developing countries usually
absorb technological innovation from developed
countries, developing countries would inevitably
mimic the technological orientation of developed
countries with similar economic characteristics.
Thus, developing economies could experience
structural changes in electricity generating methods
from developed countries due to the spill over effect
of technology and environmentally friendly
approaches (Herzer, 2012). As a result, the voice of
reducing energy-related CO2 emissions, and trans-
forming non-renewable energy into alternative
energy, has caused traditional fossil fuel powered
electricity to be isolated from the contribution of
technological advancement to electricity generation
(Ediger and Kentel, 1999; Apergis and Payne,
2014).

Second, the degree of dependence on energy
exporting activities does justify the magnitude of
economic growth to fossil fuel powered electricity
consumption. Norway and Ecuador, which have
higher fossil fuel rents than Canada and South

Africa, have presented a stronger impact of eco-
nomic growth on fossil fuel powered electricity con-
sumption than Canada and South Africa. This result
explains the reason that Norway (2.2%) and
Ecuador (4.2%) have a higher average increment in
CO2 emissions from electricity and heat production
than Canada (-0.2%) and South Africa (0.55%)
over the base year (1990) to the implementation
period (up to 2011) of the Kyoto Agreement (World
Development Indicator, 2014g). In brief, the results
indicate that Norway and Ecuador have used in-
home utilization to buffer the side effect of their high
economic dependence on fossil fuel exports at the
expenses of environmental quality.

Last, the consistency in results also offers some
insights to understand the electricity-growth nexus
in net energy exporting economies. The economy-
driven-electricity stance (or the conservation
hypothesis) holds true for all net energy exporting
countries documented in this study. This is because
net energy exporting countries are not subject to the
problems of unstable energy supply and energy
insecurity. This crucial characteristic distinguishes
an energy exporting country from the other energy
importing countries in the electricity-growth nexus
(Mehrara, 2007). Besides, energy prices have been
a significant explanatory variable to economic
growth for Ecuador, South Africa and Canada as an
increase in fossil fuel prices lower fossil fuel pow-
ered electricity consumption in the long run (see
also Tang and Tan, 2012; Tang et al., 2013). Over
the period 1974-2011, the average share of fossil
fuel powered electricity in total consumption for
Ecuador, South Africa, Canada and Norway was
42.2%, 95.1%, 23.2% and 0.5%, respectively. The
unusual price-demand association in Norway could
be a result of the extremely low consumption of fos-
sil fuel powered electricity in its overall economy.

Overall, the diagnostic tests confirm that the
ARDL approach to cointegration is correctly speci-
fied to identify the cointegration features among the
variables. Fossil fuel powered electricity consump-
tion has a long run relationship with energy prices,
economic growth and technological innovation in
all four energy exporting countries. Since all vari-
ables are cointegrated, the short run Granger
causality test shall be conducted within the vector
error correction model to avoid the issue of output
error (Granger, 1988). The results of the short-run
Granger causality test using the error correction
model are presented in Table 6.

The results of Table 6 show that there is slight
incongruence between the long run equilibrium and
the short run relationship. For instance, technologi-
cal innovation has no long run relationship with the
fossil fuel powered electricity consumption level in
all countries, but the short run causal relationship is
limited to Ecuador. Apart from this slight diver-
gence, the short-run dynamic relationships between
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Table 5: Results of long run coefficient

Coefficient Standard error T-stat

Ecuador

Constant -21.317 11.076 -1.9246*

ln GDP 4.4607 2.1234 2.1008*

ln EP -1.1664 0.5886 -1.9815*

ln PT -0.5511 0.5455 -1.0102

South Africa

Constant 7.9526 0.8943 8.8930§

ln GDP 0.1542 0.0755 2.0426*

ln EP -0.0847 0.0464 -1.8278*

ln PT -0.0493 0.0606 -0.8128

Canada

Constant 3.4576 1.088 3.1781§

ln GDP 0.3429 0.0682 5.0315§

ln EP -0.2614 0.0556 -4.7009§

ln PT -0.2368 0.181 -1.3083

Norway

Constant -27.973 12.953 -2.1595†

ln GDP 3.6179 1.8525 1.9530*

ln EP 0.7247 0.3869 1.8732*

ln PT -0.1916 0.4213 -0.4547
†*, † and * denote rejection at the 1%, 5% and 10%
significance levels, respectively.
Dependent variable = ln EC



the variables fully corroborate the findings of long
run coefficients. The distinctive characteristic of
energy exporting economies is more significant in
the short-run dynamics between the variables.
Additional four observations can be deduced from
the Granger causality test’s results. 

First, the bidirectional relationship between fos-
sil fuel powered electricity consumption and eco-
nomic growth only presents itself in Ecuador and
Norway, which are the group with high economic
dependence on energy exports. Second, electricity
consumption has a bidirectional relationship with
energy prices in all examined energy exporting
countries, except Ecuador which only has a unidi-
rectional causality from energy prices to electricity
consumption. This finding is consistent with the
studies on Pakistan (Jamil and Ahmad, 2010),
Malaysia (Bekhet and Othman, 2011), Romania
(Bianco et al., 2010), United States (Harris and
Lon-Mu, 1993), Cyprus (Egelioglu et al., 2001),
and Sri Lanka (Amarawickrama and Hunt, 2008).
Third, technological innovation is bilaterally tied to
economic growth in all countries, in which this find-
ing supports the endogenous growth theory
(Schumpeter, 1943; Solow, 1956, Romer, 1990).
Last, all error correction terms of the model

specification, i.e. Fec (EC � GDP EP PT), are signif-
icant at either the 1% or the 5% significance level
with negative signs. The results show that any past
year disequilibrium triggered by temporary shocks
will be gradually resolved in the following years.
Although the speed of adjustment is mediocre, the
long-run equilibrium among the variables has per-
sisted over the period from 1974 to 2011. 

The short-run results of the Granger causality
test reveal that temporary friction of the equilibrium
can be lasting for around 1 to 5 years. Further, the
Granger causality from economic growth and ener-
gy prices to fossil fuel powered electricity consump-
tion suggests that temporary adjustments in eco-
nomic productions may transiently spur the use of
fossil fuel powered electricity consumption in all net
energy exporting countries (Payne, 2010). This is
because fossil fuel powered electricity is the cheap-
est method of generating electricity so it could be
more flexibly adjusted than other electricity sources
to match the invisible hand of the market (Nathan,
2007). The long run convergence and bidirectional
relationships between fossil fuel powered electricity
consumption and fossil fuel price corroborate the
theory of consumer behaviour in Canada, Norway
and South Africa. Instead, Ecuador follows a price-
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Table 6: Granger causality test results

Dependent variables

Ecuador

∆ ln EC ∆ ln GDP ∆ ln EP ∆ ln PT ECM

∆ ln EC 6.4987§ 5.0181§ 4.3754† -0.3797§

∆ ln GDP 12.092§ 0.5909 4.8356† -0.3202§

∆ ln EP 0.9706 3.0960* 0.7713 0.1832

∆ ln PT 2.3609* 8.5349§ 0.9221 -0.1881

South Africa

∆ ln EC 4.7263† 5.6483§ 0.079 0.5452†

∆ ln GDP 0.8619 2.9488* 4.6348§ -0.0033

∆ ln EP 4.2818† 2.8031* 2.9503* -0.5186†

∆ ln PT 0.0616 4.5616† 1.5805 -0.5695§

Canada

∆ ln EC 4.4508† 4.4510§ 0.0205 -0.4640§

∆ ln GDP 1.1191 0.1377 11.338§ -0.0489§

∆ ln EP 3.5466† 0.8527 0.151 -0.3774†

∆ ln PT 1.6734 10.771§ 0.4002 -0.5511†

Norway

∆ ln EC 7.8427§ 9.5184§ 0.0004 -0.7589§

∆ ln GDP 2.9442† 10.129§ 4.0801† -0.0158§

∆ ln EP 7.1614§ 3.8514† 0.1088 -0.1426*

∆ ln PT 7.5533§ 3.0520† 0.9472 -0.2240§

†*, † and * denote rejection at the 1%, 5% and 10% significance levels, respectively.
All figures are reported in F-stat.



led electricity consumption pattern. However, the
inverse relationship between prices and demands
does not hold true in Norway since fossil fuel pow-
ered electricity is insignificant in the composition of
Norwegian total electricity consumption. In general,
these findings are adequate for policy makers to
decide which part of economic planning they
should focus on.

5. Conclusions and recommendations

This paper examines both the short-run and long-
run relationships between fossil fuel powered elec-
tricity consumption, economic growth, relative
prices of fossil fuel to non-energy goods and tech-
nological innovation for Ecuador, Canada, Norway
and South Africa. The traditional Augmented
Dickey Fuller and Phillips Perron tests are supple-
mented with the Zivot-Andrew test to account for
the presence of one structural break within the data
series. The ARDL bounds testing approach to coin-
tegration is applied to surmount the problems of
small sample size and I(0)/I(1). Since the model
specification, i.e. Fec(EC / GDP EP PT), is signifi-
cant in the bounds test for all examined countries,
the vector error correction model is applied to
investigate the short-run Granger causality between
the variables over the period from 1974 to 2011.

The results indicate that there is cointegration
among the variables, while fossil fuel powered elec-
tricity consumption exhibits a long run equilibrium
relationship from the functions of economic growth,
energy prices and technological innovation for
Ecuador, Canada, Norway and South Africa.
Although Tang and Tan (2013) reported that tech-
nological innovation could contribute to the devel-
opment of energy efficiency, this study suggests the
contribution of technological innovation may not
be generalised on the fossil fuel powered electricity
generation sector in the net energy exporting eco-
nomic context. This is because efficiency improve-
ments in fossil fuel-related electricity production
have been stagnant since the 1990s (IEA, 2008).
Due to cost concerns and physical conversion limits
of transforming sources (e.g. coal) to electricity, the
majority of the countries have experienced an
improvement in energy efficiency in the fossil fuel
areas regardless of their economic development lev-
els. One of the significant examples is that using
waste-fired plant and fossil fuel with better quality
will impair the cost saving advantage of using fossil
fuel in electricity generation (Bellman et al., 2007).
Thus, four net energy exporting countries docu-
mented in this study did not value the potential sav-
ing from improvements in efficiency despite the fact
that improving efficiency of fossil fuel may reduce
their opportunity costs of exporting fossil fuel.

In summary, Ecuador, Canada, Norway and
South Africa share a similar long run nexus between
fossil fuel powered electricity consumption, eco-

nomic growth, energy prices and technological
innovation. The matrix derived on the basis of fos-
sil fuel rents and economic development provides
this paper some conveniences in addressing further
specificities in the electricity-growth nexus. In the
narrow sense, the proposed matrix does assist this
study in understanding the variation in the electric-
ity-growth nexus. Instead of economic develop-
ment, the characteristic of economic dependence
on energy exports plays a vibrant role in determin-
ing the magnitude of economic growth to fossil fuel
powered electricity consumption. Further, a bidirec-
tional causal relationship between electricity con-
sumption and economic growth is only limited to
the high dependence group, which is inclusive of
Norway and Ecuador. Thus, the economic dilemma
between fossil fuel rents and in-home utilization has
caused serious CO2 emissions issues in Norway and
Ecuador.

Broadly speaking, the net energy exporting
characteristic justifies the general uniformity of the
nexus across all four net energy exporting countries.
Besides, there is Granger causality, as well as a
long-run impact, running from economic growth to
fossil fuel powered electricity consumption in
Canada, Ecuador, Norway and South Africa. The
share of fossil fuel in total electricity consumption
does not influence the direction of causality
between electricity consumption and economic
growth. This result is consistent with the findings of
Mehrara (2007) in dissecting the electricity-growth
nexus for 11 oil exporting countries. Namely, ener-
gy exporting countries are generally presenting at
least a unidirectional causality from economic
growth to electricity consumption, even in the fossil
fuel powered electricity generation sector. Instead of
merely revisiting the electricity-growth nexus in the
context of net energy exporting countries, the
results suggest a need to overhaul past arguments
regarding the causality between electricity con-
sumption and economic growth.

Since the use of fossil fuel powered electricity is
a certain output of economic expansion, economic
pressure disallows Ecuador and Norway, which
have experienced recursive Granger causality from
electricity consumption to growth, to simply alter
the supply of fossil fuel powered electricity.
Although some might suggest the energy insecurity
issue considerably impacts the production input
aspect of energy importing countries, the repercus-
sion of volatile fossil fuel prices also brings an equal
impulse to the national income aspect of energy
exporting countries. Poor innovation in the use of
fossil fuel in electricity generation might encourage
these countries to use fossil fuel as a cheap expend-
able buffer in the meantime of developing alterna-
tive sources for electricity generation. One sugges-
tion for this issue is that Ecuador and Norway, as
well as Canada and South Africa, should reconsid-
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er the development of fossil fuel-related electricity
generation methods to optimize the efficiency of
translating fossil fuel into electricity without com-
promising the environmental quality.

In comparison with global subsidies to renew-
able energy ($57 billion in 2009), the common
approach of subsidizing fossil fuel-associated com-
panies ($312 billion), exclusive of fossil fuel-fired
plants, among energy exporting countries should be
reformulated to discourage the use of fossil fuel in
electricity production for Canada and South Africa.
This is because these two countries do not experi-
ence any Granger causality from electricity con-
sumption to economic growth. Suggestively,
Canada and South Africa could use the open mar-
ket mechanism to gradually adjust the demand and
supply for fossil fuel powered electricity consump-
tion. To be specific, the findings support several
important aspects of the Integrated Resource Plan
for electricity in South Africa. For example, the
aforementioned open market mechanism and
decrease in the use of fossil fuel are consistent with
the introductions of Independent System and
Market Operator Bill (DOE, 2011a) and Electricity
Regulation Act No. 4 (DOE, 2011b), which attempt
to improve the available coverage of electricity sup-
ply via replacing fossil fuel with sustainable sources
in the electricity generation process.

According to EPRI (2010), the cost efficiency
(ZAR/kW) of building a coal powered plant (e.g.
16,880 ZAR/kW) and a wind farm (e.g. 16,930
ZAR/kW) is almost identical. The sole reason for
building a coal powered plant is that there are avail-
able technologies requiring lower subsequent
expenses to sustain the electricity generation
process. However, our findings indicate that fossil
fuel powered electricity consumption has been nei-
ther benefited nor affected by the advancement in
technology over the past few decades. Hence,
South Africa, as well as Canada, is at the threshold
of choosing either efficiency improvement or envi-
ronmental friendliness. Selecting either choice is
less likely to lead to an expansion in fossil fuel pow-
ered electricity production. Therefore, transferring
short-term subsidies to long-term development
seems to be a more sustainable utility policy to
comprehensively take care of different dimensions
of using fossil fuel in electricity generation, although
this policy might cost the re-election chance of the
current ruling party. 

Following the global trend of developing sus-
tainable energy (IEA, 2007; REN 21, 2013), green-
ing policies should be encouraged to extend the
environment’s life span if the use of sustainable
energy does not downgrade the living standards of
these countries, either explicitly or implicitly.
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Abstract

This paper is concerned with the unabated epileptic
power (electric) delivery which is seen to be period-
ic with a struggling generation capacity and losses-
prone inefficient transmission network in Nigeria.
Ordinarily, it should mean that only an average
Nigerian suffers directly, and only, the burden of this
inefficiency, whereby electricity supply to power
both household and commercial appliances
becomes unpredictable. Yet, further studies have
revealed that there is almost no other sector that this
ineptitude does not impact indirectly, especially as
adverse economic consequences. GDP per Capita
versus electrical energy production data for Nigeria
and selected countries for the year 2004 served as
input parameters which underwent research valida-
tion. Small and medium scale enterprises (SMEs)
were a case study in this paper. In the end, submis-
sions are that apart from the internal devastating
effect on SMEs, constant power outages have a
major connection with the recent trends of big com-
panies closing or relocating from Nigeria. To sum
up, measures were suggested for improvement.

Keywords: energy, GDP, Nigeria, power outage,
SMEs

1. Introduction

There are quite a large number of resources that
find a common ground for comparing energy and
SMEs both locally and internationally. However,
few of these which somehow have directly high-
lighted aspects of this present work will suffice in
due course.

In the interim, a lot has equally been said with

regards to the appalling state of Nigeria’s epileptic
power sector according to Akuru and Okoro
(2009). Energy consumers do not get electricity
supplied to them because the local utility compa-
nies do not get power transmitted to them from the
electric grid. The managers of electric transmission
are quick to accuse the generating stations of insuf-
ficient generating MW capacity. And as if trading of
blame has become routine with each of these sec-
tors, the generating stations either claim they do not
get enough gas to power their plants or they turn
around and claim that the transmission companies
themselves cannot boast of a strong transmission
backbone to transmit what is being generated.

Indeed, modern energy services can impact on
the development of SMEs to a great extent. Issues
that can affect the development of SMEs such as
gross undercapitalization, decrepit infrastructural
services, high start-up costs, corruption, and gov-
ernment indifference have been identified by Oboh
(2002). A particular finding revealed the high cost
of providing back-up energy (partly infrastructural)
for SMEs which sometimes is as critical as three
times the cost of publicly supplied electricity as dis-
cussed elsewhere (Adenikinju, 2003; Essien, 2001).

In Nigeria and perhaps generally, SMEs classifi-
cation is have been done on the basis of capital
investment and employed labour force while other
criteria could be the annual turnover or gross out-
put as mentioned by Anyanwu (2001). Until very
recently, energy was rarely cited as one of the prob-
lems militating against the development of SMEs in
Nigeria and elsewhere.

This study is built on the argument that, unlike
larger businesses, the establishment and operation
of SMEs promotes economic development, which
by extension boosts a country’s GDP number (see
Figure 1). A separate study by Beck and Demirgüç-



Kunt (2004) identifies this link (between SMEs and
GDP) but could not establish if it is actually respon-
sible for economic growth while another study by
Ayyagari and Demirgüç-Kunt (2003) presents a
decreasing link of 51%, 39% and 16% of GDP
being produced by SMEs in high-income, medium
income and low-income countries respectively.
Elsewhere Schramm (2004) and Hoffman (2005),
confirmed that SMEs were responsible for pulling
the US out of the economic slump and can there-
fore, serve as any other economy’s talisman to eco-
nomic growth. This study is also important because
Nigerian SMEs account for some 95 per cent of for-
mal manufacturing activity and 70 per cent of
industrial jobs as discussed elsewhere (Facts about
SMEs, 2011).

In moving from an earlier study which demon-
strated empirically that no matter how novel the
policies or incentives to drive the industrial sector
are, if the electricity problem is not fixed, the policy
objective of accelerating the growth of the industri-
al sector may not be realized (Udah, 2010). In the
same vein, this study is conducted with an aim to
chart a new course for SME operators in Nigeria to
seek alternative sources of energy generation as a
means to fight the prevailing economic inhibition
that seems to have it webbed in.

It is also anticipated that the federal government
will tap into the vital information provided by this
research in the overall economic development to set
up working mechanisms for the promotion of
SMEs. Another important thinking is the fact that it
will add to the limited but growing catalogue of
research on energy economics in Nigeria. Small
businesses can also benefit, to some extent, from
the information presented in this study which serves
as a guide to alternative viable sources of power
generation and even job creation.

For a number of reasons, this study could not
give comprehensive details on other possible sec-
tors that can be responsible for the variation of a
country’s GDP number. It could also not provide
sufficient mathematical explanation on the relation-
ship between GDP per Capita and economic devel-
opment; a very critical comparison in this study.
Again, power and energy have been used inter-
changeably to mean the same thing in the study. It
is noteworthy, as portrayed by the trend the work
followed in Section 4, that data for this particular
research was more unavailable than limited.

2. Technical approach

The study employed the tabular information pro-
vided by the CIA Fact-book website CIA Fact-book
(2004), December 2004 on electrical energy pro-
duction (and other data) by country. Then combin-
ing both the qualitative and quantitative approach
of explorative research, the data was captured,
retrieved, and analysed accordingly. A comparison

was made with electrical energy production for
Nigeria and other countries by means of Gross
Domestic Product (GDP), converted to internation-
al dollars using the Purchasing Power Parity (PPP)
rates and scaled to the 2004 estimate. The study
population was Nigeria in particular comparison to
nine other countries with a scope of how effectively
GDP per Capita (economics) and electrical energy
(availability/non-availability) relates with the estab-
lishment, operation and survival of SMEs.

The research then sets out to adopt an inductive
approach for analysing the data obtained for a
number of countries surveyed alongside Nigeria by
closely monitoring their ability to generate a signifi-
cant GDP value as at 2004. The inductive approach
implies that the results were unconventionally
traced backwards i.e. moving from specific obser-
vations to broader generalisations; supposing that if
Nigeria’s GDP value measures well, then on a per
capita production energy basis, it will be convenient
to state that available energy infrastructure needed
to power SMEs varies proportionately as reported
in IFC, (2006). On the other hand, a low GDP out-
put will mean a poor per capita on energy produc-
tion which further suggests a dearth or decline in
structures that encourages small scale business. This
generalisation is supported by (Vadim, 2007).

By all standards, nothing can be more suitable
to reproduce a deficit in Nigeria’s power production
record than the chronic epileptic power delivery
service conversant with the country’s energy grid.
This will therefore be a sufficient reason to stream-
line the results obtained from this study to ascertain
whether there is (“or not”) a relationship between
constant power outage in the economic drive of
SMEs to attain national development.

3. Analysis and results

Thirty five countries including Nigeria were initially
listed and arranged within the class of regions they
belong to in an order of declining per capita elec-
tricity production corresponding to their GDP val-
ues.
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Figure 1: SME contribution to employment 

and GDP (median values) 

Source: World Bank



Figure 2 actually represents a graphical fraction
from the total number surveyed. The sampled
countries chosen were done randomly with no par-
ticular reason for their choice other than that the
regions mentioned were ably represented. Canada,
France, Germany and Spain belong to the G-9
countries, Australia and India is from Australia/Asia-
8, Argentina and Brazil represent Latin America-8,
while Egypt and Nigeria are from Africa-10.

Figure 2: GDP per capita vs electrical energy

production by country 

Source: CIA Fact-book Website, December 2004

Now the values compared for the chosen coun-
tries were the 2004 GDP per Capita (PPP) in US
dollars. Whereas GDP means the total value of
goods and services produced in a country over a
period of time, GDP per Capita refers to the result
obtained when a ratio of this value is made with
respect to the total population estimate of the coun-
try at that instant.

The GDP per Capita data from Figure 2 shows
that while Australia and the G-9 enjoy, on average,
considerably higher GDP per capita than India,
Latin America-8 and Africa-10, notwithstanding
their relatively lower population. This is due to their
higher capacity to produce electrical energy. On the
other hand, as a low-income country, Nigeria com-
pares disproportionately with countries like
Argentina, Brazil and another African country –
Egypt – all existing with the same economic status.

To a large extent, the position of India as shown
in Figure 2 might be overlooked on the basis that
with a GDP per Capita of 3200 and a population
size about 8 times that of Nigeria, which has a GDP
per Capita value pegged at 900 as at 2004. Apart
from this observation and that of Brazil, amongst
the countries that were surveyed, no other country
had a population size more than Nigeria.

4. Discussions

Initial findings by Vadim (2007), OECD (2000) and
Ugwushi (2009) have revealed that countries like
Canada, France, Germany and Spain with higher

GDP per Capita values were reckoned to have
established good operating conditions as proposed
in this study for SMEs to spin off, operate and sur-
vive. The predominant question that this section
will try to answer is, “How much does Nigeria’s
GDP per Capita value relate to the original objec-
tive of this study?” This is considered as one basis
for the establishment and operation of SMEs serv-
ing as a tool for the promotion of economic devel-
opment in Nigeria. Worth mentioning also, is the
extent to which a stable power generation, trans-
mission and distribution structure becomes relevant.

It has been stressed that the lack or decay of
infrastructure leads to failure of SMEs. Results from
a survey in the UK for high-income country by
Ugwushi (2009) show that 60% of respondents
believe to a little extent that infrastructural inade-
quacy may lead to SMEs failure, while unlike in
Nigeria, the same survey led 60% respondents to
admit that it is to a very large extent. It also agrees
with the findings from other studies (Adenikinju,
2005; Onugu, 2005; Mambula, 2002). In fact, Table
1 sourced from Mambula (2002), shows by how
much 32 SMEs which were studied, point toward
poor infrastructure – vis-à-vis erratic electricity sup-
ply – as a major constraint.

In a study that was earlier cited in this work by
Adenikinju (2003), firms can indeed incur huge
costs in the provision of expensive back-up in order
to minimise the expected outage costs; the average
costs of this back-up are three times the cost of pub-
licly supplied electricity. Therefore, it can be confi-
dently said at this point that epileptic power supply,
which is due to inadequate production and poor
transmission from Nigeria’s energy mix, is widely
attributable to the growth of SMEs – and this has a
complementary economic bearing. Further expla-
nation to this is the possibility of serious conse-
quences on unwary Nigerians who patronize few
surviving SME operators, who have other daring
means of evading this confrontation. This is in tune
with the fact that patronage of SMEs is directly con-
sumer-based according to (UNCTD, 2005). 

Table 1: Main growth and performance

constraints of SMEs in Nigeria

Constraint Number of respon- Percentage
dents (Total=32) (%)

Lack of financing 23 72

Poor infrastructure 14 44

Difficulty getting machines 
and spare parts 13 41

Difficulty getting raw materials 11 34

In order to capture the seriousness of the matter
and present a scope on the economic consequences
of constant power outages, recent developments
have shown that some companies in Nigeria have
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started relocating elsewhere, especially to neigh-
bouring countries, where power is not only provid-
ed constantly, but there is just enough to grant its
affordability. Some studies, for instance Mambula
(2002), show that inadequate infrastructure also
affect large companies almost as much as SMEs.
Elkan (1995), reports that these costs could have
been indirectly borne by the government if an effi-
cient system of power infrastructure was provided
to these firms. Most large companies, just like
SMEs, had to bear heavy costs for the installation
and maintenance of infrastructural facilities in
Nigeria. In terms of numbers, and according to the
Manufacturing Association of Nigeria (MAN), and
reported by Mayah (2010), 820 manufacturing
companies’ closed shop between 2000 and 2008.
In a similar instance, MAN again did a survey in
January 2010 and Adeloye (2010) reported that a
total of 834 manufacturing companies closed shop
in 2009 alone. This increase is extremely alarming
because it surpassed the cumulative 8-year from
2000-2008 value in just a single year (2009). The
survey which usually covers five manufacturing
enclaves into which the country is divided, in terms
of their manufacturing activities, include 214 com-
panies in Lagos downing tools, 176 in the North,
178 in the South-East, 46 in the South-South and
225 in the South-West areas with a summary of the
report shown in Figure 3.

Examples of big companies that have relocated
or closed business include Dunlop Nigeria Plc.,
Coca Cola, Michelin, Cadbury Nigeria Plc.,
Unilever, Patterson Zochonis (PZ), Guinness
Nigeria Plc., International Institute of Tropical
Agriculture, OK Foods Group, etc. (Mayah, 2010;
Daily Trust, 2010). Apart from squandering the
benefits of goods and services produced and/or ren-
dered by these companies within the shores of
Nigeria, in terms of cost and customer utility, it is
also painful to mention the indirect loss of millions
of earnings by Nigeria to these other countries who
have capitilised on these self-induced woes to boost
their economy. One survey conducted by the Bank
of Ghana revealed that Nigeria was one of its 10
sources of Foreign Direct Investment. To this end,
Nigeria is placed ninth with a contribution of 2.1
per cent of the GHC1.5 billion invested in Ghana in
2007 (Daily Trust, 2010).

A closer analysis reveals greater overflow of eco-
nomic implications from the statistics of manufac-
turing companies closing their businesses in
Nigeria. For instance, it was reported by Mayah
(2010) that the 5% quota that the manufacturing
sector contributed to Nigeria’s GDP in 1999 shrunk
to 4.9% by 2000. The current standing quota at
4.19 as at 2009 is depicted in Figure 4. Also, these
huge numbers of closed manufacturing companies
in recent times have worsened Nigeria’s growing
unemployment rate. An economic analyst, quoted

in Adeloye (2010), painted a scary picture of it
when he was reported to have used a simple calcu-
lation to explain the terrible spill-over effect that
closing of manufacturing companies have on
unemployment generation in Nigeria. His estima-
tion revealed that when a company stops opera-
tion, its workforce immediately become frontline
victims. Like in the 834 firms submitted by MAN to
have down tools in 2009 alone, it can be speculat-
ed that not less than 83 400 jobs were lost. This
submission is based on the assumption that the
firms were all medium-size manufacturing firms,
with each having at least 100 workers. It becomes
scarier when the fact that SMEs account for some
95 per cent of formal manufacturing activity and 70
per cent of industrial jobs are recalled.

The pointer in all of the submissions by Mayah
(2020), Adeloye (2010) and Daily Trust (2010) is
that poor power supply has been identified as the
major factor responsible for these unfortunate
trends which carries such great economic repercus-
sions. Moreover, if big companies fail, small com-
panies will not survive either.

Figure. 4: Contribution of various sectors to

Nigeria’s GDP in 2009 

Source: National Bureau of Statistics Website,

November 2010

5. Recommendations and conclusion

Taking advantage of the existence of a track histor-
ical record that compares energy with SMEs, the
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possibility of investigating the effect of Nigeria’s
epileptic power structure on the economy of SMEs
was harnessed. The approach of the study eventu-
ally validated this connection by extracting relevant
information from the CIA Fact-book website,
December 2004, on electrical energy production
(and other data) and related studies.

The method of inductive comparison was
adopted to answer as to what extent does Nigeria’s
compared low GDP per Capita results into a poor
SME structure with grim economic implications.
The results were that since big manufacturing com-
panies and industries are either closing shops or
relocating to neighbouring countries where they feel
that a more conducive atmosphere for operation
exists, SMEs cannot do better as they simply die off
as it will be outrageous for them to relocate.
Moreover, the trend creates room for unemploy-
ment rates to rise. The results arrived at conve-
niently, agree with some past studies with similar
propositions.

In summary, the numerical value of Nigeria’s
GDP as at 2004 (and by all standards, now,
because there have been no noticeable improve-
ments) is a consequence of its poor electricity struc-
ture and this has affected the development of SMEs,
which is considered as a yardstick for economic
independence of nations. However, a number of
options that can be used to checkmate this unfortu-
nate development exist and are thus proposed in
this study. For instance, if the Nigerian government
should consider the criticality of SMEs as stressed in
this work and fast-track programmes on the expan-
sion and optimal operation of the current energy
mix; within a very short time frame, these could be
measured as an effort towards relief. SMEs vil-
lages/clusters can be built to promote industrial
activities on the basis that such basic infrastructure
like electricity, which is needed for spin-off as well as
for sustainable operation, is collectively and afford-
ably provided by the relevant host authorities to
investors and operators. Standalone renewable
energy (RE) systems are increasingly getting better
than generating sets which still requires expensive
and pollution-prone fossil fuels for their operation.
Hence, efforts should be made by relevant authori-
ties, tasked with the promotion of SMEs in Nigeria,
to facilitate the provision and subsidized costs of
procuring these RE systems – some of which are
readily available for small-scale use. 

On the other hand, these renewable energy sys-
tems for small-scale implementation are also easy to
install, operate and maintain according to Animalu,
Osakwe and Akuru, (2009). A serving and practical
example is the recent installation of the solar PV
hybrid-power/entrepreneurship project in the
Department of Physics and Astronomy, University
of Nigeria, Nsukka. It is a demonstration project
which was initiated by the International Centre for

Basic Research, Abuja, in active partnership with
National Centre for Energy Research and
Development, University of Nigeria, Nsukka, in
anticipation for a proposed Education Trust Fund
(ETF) research grant. Though still at a small-scale
testing stage, the long-term expectation is to moti-
vate postgraduate and final year students to study
in their class at night during power outages, demon-
strate strategy for self-empowerment via entrepre-
neurship to students after graduation, and also
demonstrate possibility for alternative and clean
energy provision. In review, an investment in this
direction (i.e. the production/marketing of these sys-
tems) cannot only be seen as providing a solution
by tackling the decrepit power sector, but it also
serves indirectly to empower Nigerians and provide
a long-term approach to sustainable economic and
national development.
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Abstract

Data for investment into renewable energy
resources in Nigeria is mainly unavailable due to
over reliance on conventional resources for energy
generation. However, recent developments in the
energy sector have portrayed gradual attention to
investments in renewable energy resources. This
paper reviews the Renewable Energy Master Plan
(REMP) which identifies this improvement and
presents a draft on how an increase in investment in
renewable energy resources, which will in the long
run balance the national energy equation, ensure
energy security and promote sustainable develop-
ment.

Keywords: investment; Nigeria; Renewable Energy
Master Plan; renewable energy resources; sustain-
able development

1. Introduction

Perhaps the greatest challenge faced by Nigerians
today is the comatose energy sector. With anticipat-
ed development of coal power plants, the content of
the Nigerian energy consumption pattern is increas-
ingly fossil-based. Oil accounts for about 20% of
GDP, 95% of export earnings and 85% of budget-
ary revenues (Malumfashi, 2007).

However, Nigeria is endowed with sufficient
renewable energy resources to meet its present and
future development requirements as well as com-
plement its current oil-dependent economy. Table 1
shows various renewable energy sources and their
estimated reserves in Nigeria. 

Table1: Nigeria’s energy reserves/potentials

Source: Renewable Energy Master Plan (2005)

Resource Reserves Reserves 
billion toe 

Hydropower 10000MW

Hydropower 734MW Provisional

Fuelwood 13071464 has Estimate
(forest land 1981)

Animal waste 61million tonnes/yr Estimate

Crop residue 83million tonnes/yr Estimate

Solar radiation 3.5-7.0kWh/m2-day Estimate

Wind 2-4m/s (annual average)

Energy poverty is entrenched in Nigeria; about
85 million, representing approximately 60 percent
of the population have no access to electricity serv-
ices. Less than 20 percent of rural areas have some
form of electricity service coverage. In all, the elec-
tricity consumption per capita is about 100 kWh
when compared to 4,500 kWh, 1934 kWh and
1379 kWh in South Africa, Brazil and China, res-
pectively. Presently, the government has embarked
on a massive investment programme to increase the
capacity of the electricity supply industry. This is
expected to double the generation capacity from
fossil sources. Even though attention is beginning to
be paid to renewable electricity, it is only an insignif-
icant fraction of the total public sector energy
investments. Consequently, prior to 2004, and even
up to 2008, a databank on renewable energy
investments in Nigeria is either unavailable or inac-
cessible. 

To this end, one of the reasons why the Nigerian
energy sector is highly vulnerable to shocks is due
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to its overdependence on fossil sources. Similarly,
the reliance on large hydropower for about a third
of electricity supply is usually under pressure as
dams dry up, especially in the dry seasons. There is
also the challenge of bad policies and unprofes-
sionalism demonstrated in poor energy administra-
tion. This means, therefore, that the resilience of the
Nigerian energy system is weak as climate change,
bad governance and widespread poverty intensify
the vulnerability of the energy economy. The chal-
lenges of energy security and access are com-
pounded by inefficiency and poor environmental
governance, while by-products like oil pollution and
gas flaring have continued to damage agricultural
land and marine ecology irreversibly. 

Large incomes from oil and abundant energy
resources including, gas, coal, hydro, biomass, and
solar radiation, have not necessarily translated to
growth and development. As a matter of fact, the
relationship between energy and economic devel-
opment has been a tremendous paradox in Nigeria
(Renewable Energy Master Plan, 2005).

Switching over to the utilization of renewable
energy resources in Nigeria is long overdue because
of the increased recognition of the contribution
renewable energy makes to rural development,
lower health costs (linked to reduced-air pollution),
energy independence, and climate change mitiga-
tion. Interests in shifting renewable energy from the
fringe to the mainstream of sustainable develop-
ment are recently growing (Martinot et al; Mfune
and Boon, 2008). At the same time, commercial
markets for renewable energy are expanding, shift-
ing investment patterns away from traditional gov-
ernment and international donor sources to greater
reliance on private firms and banks (Kammen,
1999; Reddy and Goldberg, 1990; Anderson,
1997; Goldberg et al., 2000).

This paper was researched in order to provide a
common understanding of the current status of
renewable energy investments in Nigeria and open
a leeway for promoting and fast-tracking future
investment patterns. The information items covered
in the paper have been gleaned from available sci-
entific publications sourced from the internet and
other private collections. The draft Renewable
Energy Master Plan (REMP) for Nigeria by a team
of experts and stakeholders from the Energy Com-
mission of Nigeria (ECN) and the United Nations
Development Programme (UNDP) in 2005, served
as the research instrument under review. The REMP
articulates Nigeria’s vision and road maps an
increasing role for renewable energy to achieve sus-
tainable development – anchored on the mounting
convergence of values, principles and targets as
embedded in the National Economic Empower-
ment and Development Strategy (NEEDS), Nation-
al Energy Policy on Integrated Rural Development,
the Millennium Development Goals (MDGs) and

the international conventions to reduce poverty and
reverse global environmental change.

Internal limitations include among other things,
the non-availability of reliable data in most cases for
renewable energy investments in Nigeria, unverified
projections and numerous uncertainties in the pro-
posed REMP.

2. Development of the Renewable Energy

Master Plan in Nigeria 

2.1 Definition of renewable energy

Renewable energy includes solar, wind, hydro,
oceanic, geothermal, biomass, and other sources of
energy that are derived from “sun energy”, and are
thus renewed indefinitely as a course of nature.
Forms of useable energy include electricity, hydro-
gen, fuels, thermal energy and mechanical force. 

More broadly speaking, renewable energy is
derived from non-fossil and non-nuclear sources in
ways that can be replenished, are sustainable, and
have no harmful side effects. The ability of an ener-
gy source to be renewed also implies that its har-
vesting, conversion and use occur in a sustainable
manner, thereby avoiding negative impacts on the
viability and rights of local communities and natural
ecosystems.

2.2 Rationale for the Renewable Energy

Master Plan

The following have been recognized and advanced
as reasons for the instituting the REMP in Nigeria
(Renewable Energy Master Plan, 2005):
• The dwindling of Nigeria’s oil reserves.
• The need to replace the jumbled historical

development of renewable energy with properly
coordinated policy and implementation.

• The need to urgently provide access to afford-
able electricity for the highly-dense rural popu-
lace. 

• To restructure the electricity industry by encour-
aging competitive wholesale power markets,
increase self-generation by end-users, accelerate
privatization and commercialization, unbundle
generation, transmission and distribution and
create a competitive retail market.

• For specific technological expertise and market
conditions through research and development
activities.

• To promote green energy technologies by reduc-
ing pollution and environmental degradation.

• To provide a platform for a level playing ground
for all stakeholders in the energy sector.

2.3 Plans for investment into renewable

energy

The REMP envisioned a gradual but steady transi-
tion from overdependence to less dependence on
hydrocarbons as a primary source of energy and
income to Nigeria. It ventured to employ specific
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stages of development in its attainment of these
objectives such as, the short term (2005-2007), the
medium term (2008-2015) and long term (2016-
2025) (Renewable Energy Master Plan, 2005). In
the short term, crude oil is expected to play a dom-
inant role in the economic development of the
country while an energy transition from crude oil to
a less carbon intensive economy is anticipated in
the medium term. This anticipated transition is
notably indispensable. On the other hand, the long
term envisages a country that will significantly be
less dependent on hydrocarbons.

2.4 Specific objectives of the Renewable

Energy Master Plan

The development of renewable energy technologies
is a win-win strategy for a developing country like
Nigeria. Increased investments on renewable ener-
gy will bring together climate protection, poverty
reduction, technology development and job cre-
ation. 

The overall objective of the REMP is to articu-
late a national vision, set targets and a road map for
addressing key development challenges facing
Nigeria through the accelerated development and
exploitation of renewable energy. This it hopes to
achieve through by developing a comprehensive
platform for setting up renewable energy policies,
providing legal instruments, technologies, manpow-
er, infrastructure and markets so as to ensure that
the visions and targets are realized. Among other
things, the master plan has projected the following
specific objectives (Renewable Energy Master Plan,
2005):
• Expanding access to energy services and raising

the standard of living, especially in the rural
areas;

• Stimulating economic growth, employment and
empowerment;

• Increasing the scope and quality of rural servic-
es, including schools, health services, water sup-
ply, information, entertainment and stemming
the migration to urban areas;

• Reducing environmental degradation and
health risks, particularly to vulnerable groups
such as women and children;

• Improving learning, capacity-building, research
and development on various renewable energy
technologies in the country; and

• Providing a road map for achieving a substantial
share of the national energy supply mix through
renewable energy.

2.5 Barriers to the implementation of the

Renewable Energy Master Plan

Several barriers have been confronting the devel-
opment of the renewable energy sector in Nigeria,
and by and large, pose a similar threat to imple-
menting the REMP. The following have been princi-

pally identified:
• Policy and political barriers: sound policies

developed by government might at the end of
the day not be adopted, or when adopted may
not be fully implemented. 

• Market distortions: price distortions, poor regu-
latory environment and inadequate infrastruc-
ture characterize current energy market condi-
tions in the country.

• International development barriers: globaliza-
tion in the movement of capital, technology,
goods and ideas tend to put pressure on a pro-
posal like the REMP.

• Standards quality and control barriers: a major
constraint to the development of the renewable
energy market in Nigeria is the poorly estab-
lished standard and quality control of locally
manufactured and imported technologies.

• Research and development barriers: the long
term objectives of the REMP require quality
improvement in research and development in
renewable energy systems to ease inefficiency
and improve procurement and construction
costs.

• Environment barriers: against the background
that renewable energy systems provide cleaner
alternative to hydrocarbons, certain environ-
mental barriers may however persist such as dis-
tortion of plant and animal habitats, human dis-
location and resettlement.

Figure 1: Electrical energy production and

consumption (and other data) by country

Source: CIA Fact-book Website, December 2004

3. Investment pattern of the renewable

energy master plan 

3.1 Case for drafting the REMP

Certain indices underscore the imperative to devel-
op the REMP. For instance, the reasons for the
REMP, as earlier outlined in this paper, come to
bare. Besides, several other factors include among
others, the undue focus on centralized energy sup-
ply which has been inadequate in meeting the bur-
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geoning energy demand; the decentralized nature
and scale of the renewable energy scheme make it
readily available to even the most remote locations;
the encouragement of a balanced development of
all available energy resources; and, the need to pro-
vide a level playing field for all cadre of investments
as many players become involved in renewable
energy development and implementation. For the
purpose of this research, three basic considerations
of such cases that could have necessitated drafting
of the REMP have been identified and carefully
examined – energy per capita, environmental sus-
tainability and relative cost economy.

3.1.1 Energy per capita disparity
That electrical energy is the most mobile and versa-
tile form of energy which is directly needed to run
our homes and industrial appliances and machin-
ery, light, heat and cool our living and work spaces,
and for our telecommunications, cannot be over-
stated. Various studies have established that the
relationship between energy and economic devel-
opment is proportional (Okoro et al., 2006; Iloeje,
2007; Karlsson, 2005; Okoro and Madueme, 2004;
Qurashi and Hussain, 2005). But when electrical
energy production in Nigeria is compared with that
of neighbouring African countries, which unlike
Nigeria are lacking in huge energy resource poten-
tial, the result is rather out of place (see Figure 1).

The stated figure of 0.11 billion kWh per million
people for Nigeria in Figure 1, which is roughly
equivalent to having a constantly-running 11 MW
of power station per million people, or a total of 1
500 MW for the country is a call for immediate
action to invest in alternative forms of energy. If, for
example, Nigeria were to produce electricity at the
same rate as South Africa i.e. 4.2 Billion kWh per
million people, it is equivalent to having power
plants totalling 63 000 MW, which is over ten times
what is being produced in the country at present.
However, if Nigeria is to meet the world average of
2.34 Billion kWh per million people, then it will
need five times its present capacity which is gra-
ciously fluctuating between 2 800 MW and 3 500
MW.

3.1.2 Environmental sustainability
The primary concept of sustainability is to meet the
needs of the present without compromising on the
ability of future generations to meet their own needs
(Qurashi and Hussain, 2005). The conventional
energy-generation options can damage air, water,
climate, land and wild life, through particulate and
gaseous emissions, as well as through rising levels
of harmful radiations. The results of these pollutions
(e.g. emission of greenhouse gases through contin-
ued gas flaring and the depletion of the ozone) are
factors which cause global warming and climate
change.

Renewable Energy Technologies (RETs) which
are much safer is the current driving force and per-
haps, a foremost reason for drafting of the REMP. 

3.1.3 Relative cost economy
The cost of setting up an energy facility is usually
critical to the volume of investments that will be
attracted to develop a particular resource base. In
costing the generation of electricity, three types of
costs are identified, namely:
• Capital costs (necessary for building a particular

energy technology; and tend to be low for fossil
power stations but high for renewable technolo-
gies).

• Operating and maintenance (O&M) costs – tend
to be high for fossil-powered generators and low
for renewables.

• Fuel costs – high for fossil fuel and biomass
sources, but very low for renewables such as
solar PV and wind turbines, possibly negative
for waste to energy.

Table 2 presents an overview for comparing the
initial costs of various electricity generating systems,
while Table 3 presents a comparative assessment of
operation and maintenance costs. All energy
sources have unique characteristics that make them
advantageous in some situations. Geography, cli-
mate and access to natural resources all play a role
in their effectiveness. However, in terms of overall
cost efficiency, renewable energy technologies have
been identified as a very cost effective means of
electricity generation, though with a high initial cap-
ital cost, aimed to be cut seriously by on-going
research, but a lower operational/running cost. 

Table 2: Initial capital costs of electricity

generating systems

Source: Renewable Energy Master Plan (2005)

Technology Size Initial capital cost 
(KW) ($ per KW)

Gasoline 4760

Diesel 20 500

Micro hydro 15 1700

Photovoltaic 0.19 8400

Wind Turbine 10 2800

3.2 Summary and Pattern of Projected

Investments in the REMP

To ensure that the REMP targets are met, three
stages of implementation of programmes and proj-
ects have been identified in short, medium and long
terms. The projected electricity supply, from all
sources (conventional and renewable) in the short,
medium and long term is estimated to be 56MW,
746MW and 2945MW respectively as shown in
Figure 2. 
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Table 3 presents an overview of estimated costs
for these investments for all activities as outlined in
the REMP. All cost estimates are in tandem with
2005 naira (Nigerian currency) value.

Implementing the REMP will demand an esti-
mated investment portfolio of 4 billion, 178 billion
and 428 billion naira, in the short, medium and
long term respectively.

Table 3: Operation, maintenance, and fuel costs

for different technologies

Source: Renewable Energy Master Plan (2005)

Technology O & M costs Fuel costs
(cents per KWh) (cents per KWh) 

Engine generator 2 20

Micro hydro 2 0

Photovoltaic 0.5 0

Wind turbine 1 0

Figure 2: Breakdown of targets for each of the

five renewable energy subsectors in the REMP

Source: Renewable Energy Master Plan (2005)

Table 4: Estimated costs for renewable energy

investments (in million naira)

Source: Renewable Energy Master Plan (2005)

Activity Short Medium Long Total
term term term

Programmes 
& activities 170 430 322 922

Biomass 1793 3231 11353 16377

Solar energy 1240 2525 3210 6975

Small hydro 134 1244 1726 3104

Wind energy 920 170200 410640 581760

Total 4257 177630 427251 609138

In the end, apart from milestones which were set
out in the REMP, a total of about 610 billion naira
was estimated for the two-decade projects, an
amount fair enough to compare in MW output with

close to 500 billion naira invested in largely non-
renewable energy resources between 1999 and
2007, with less than 1 000 MW improvement in
generation capacity (Akuru, 2010).

In the interim, it is expected that financing of
these investments will depend on the mobilization
of resources from governments at all levels, the
domestic private sector and international sources
which include foreign direct investments, grants,
and oil revenues. 

4. Future prospects for renewable energy in

Nigeria

The challenge confronting Nigeria like any other
developing country (Pendse, 1979) is to achieve an
orderly and peaceful energy-transition from the
present economy, based primarily on hydrocar-
bons, and to one based increasingly on renewable
sources of energy. It has to be in a manner which is
consistent with the needs and options of individual
sectors and is socially equitable, economically and
technically viable and environmentally sustainable.
The transition must be based on technological,
commercial, financial and monetary modalities,
consistent with the resolve of the government to
establish the REMP, so as to accelerate development
and to promote balanced energy distribution. An
effective energy-transition should be implemented
in accordance with the outlined long-term national
plans and priorities.

The development of renewable sources of ener-
gy opens up the prospect of increasing indigenous
energy-supply and thereby contributing to greater
self-sufficiency. It also creates new options to
respond to the energy requirements of the rural,
industrial, transport, domestic and other sectors, in
accordance with national goals and priorities, and
provides for a more diversified and decentralized
pattern of energy-supply. Likewise, just as obtain-
able in conventional energy sources or products,
renewable sources of energy have been identified
as both an “input” and an “output” of the develop-
ment process (Qurashi and Hussain, 2005].
Therefore, encouraging investment in renewable
energy resources, as outlined in the REMP, agrees
with the following merits: pollution free environ-
ment, free renewable and available energy source,
high reliability and low maintenance costs (Okoro
and Madueme, 2005). 

It is expected that by now implementation of the
REMP would have reached half-way into the medi-
um term, but the last check revealed that there has
been a delay in the approval of the REMP noting,
however, that an inter-ministerial committee has
long been established to review the draft master
plan and push for its approval (Talba, 2009).

5. Conclusion and recommendations

The Renewable Energy Master Plan (REMP) com-
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mits Nigeria to ambitious but achievable commit-
ments for the development of all major renewable
energy resources. It includes short, medium and
long term targets in planned activities, milestones
and strategies for implementation. Successful
implementation will result in the installation of 2
945 MW of wind, solar PV, solar thermal, small
hydro and biomass by 2025 – roughly equivalent to
the entire grid capacity in use in Nigeria today.

Achieving this vision will require the unyielding
cooperation of all parties: government, private and
civil society. Founded and comprised of stakehold-
ers from all sectors of renewable energy in Nigeria.
Similarly, Nigeria will become a leader in the
world’s fight against climate change, move towards
the attainment of the MDG and NEEDS targets,
ensure the development of the nation’s energy
resources for the achievement of national energy
security, guarantee adequate, reliable and sustain-
able supply of energy at appropriate costs and
establish an efficient delivery system with an opti-
mal energy resource mix. It will also gain a place of
renewed respect and dignified power in Africa and
the world over.

Notwithstanding the fact that implementation of
the REMP is yet to commence, this paper is of the
view that the targets have been properly outlined in
the draft, and so, remains valid for future actions or
inactions as the case may be. First of all, it is hoped
that against the backdrop of revising the financial
projection of the REMP, thereby wasting more time
and money on prolonged research, approval of the
REMP should not continue to linger because of the
continuing depletion of conventional energy
resources which makes its adoption urgent and
indispensable in the near future. Perhaps the cost of
carrying out immediate action on the REMP, though
seen as ambitious, will become insignificant in the
long run. Already too, countries like Germany and
Brazil which have put in place a reliable and effi-
cient renewable energy programmes, such that they
have credited major achievements in sustainable
energy generation and economic dividends, should
serve as a case in point for immediately budding
Nigeria’s renewable energy interests. 

No doubt, the draft REMP is a proof that a white
paper which targets, above all, to turn-around
Nigeria’s moribund energy sector by utilizing and
incorporating renewable energy resources in the
national supply mix is in existence, but implemen-
tation is key. Therefore, it remains to be seen, what
other unseen benefits could be embedded in the
REMP until implementation is achieved and the
benefits start accruing.
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Abstract

This paper describes the results of a pilot pro-
gramme to introduce ethanol gel as a replacement
for paraffin for cooking in a low-income informal
settlement, Samora Machel, in the Philippi district
of Cape Town. A baseline study had shown that
paraffin was the dominant source of energy in this
community, and that the community knew that its
use was both hazardous and unhealthy, but they
had no apparent alternative. A gel fuel meeting the
requirements of SANS 448 was identified and sup-
plies ordered. A burner system meeting the require-
ments of SANS 666 was not available on the mar-
ket; instead it was necessary to use all that could be
found. The Agrifood Technology Station at the
Cape Peninsula University of Technology (CPUT)
was tasked with finding ways to cook using ethanol
gel, with accent being placed on cooking safely and
using the least possible quantity of gel for a standard
menu. After several fruitless attempts to launch a
programme, a successful meeting was held at the
crèche in Samora Machel at which a number of res-
idents agreed to take part in the pilot programme.
Soon thereafter, there was a fire in which many res-
idents lost all their possessions, and when stoves
were distributed free of charge, and five litres of gel
sold at a subsidised price, all stoves were eagerly
taken. The demonstration of how to cook using the
gel was held at the point of distribution, and people
taking stoves were shown how they worked and
how to keep them clean. Every week for four
weeks, a sample of the participants was contacted to
determine their response to cooking on gel.
Virtually every response was most positive, and at
the end of that period the participants in the pilot
programme requested that the supply of gel should
continue as long as possible. 

1. Introduction

Ethanol gel fuels have been studied for several
years as a possible replacement for paraffin (Utria,
2004; Dioha et al.; 2012). .However, Lloyd and
Visagie (2007) found that many of the gels avail-
able on the market and that all of the burners gave
poor performance. Subsequently the South African
Bureau of Standards (SABS) produced standards
for gels (SABS, 2010)] and burners (SABS, 2008)
that addressed many of the problems Lloyd and
Visagie had identified. 

Ethanol gel has a number of obvious advan-
tages over paraffin. It should burn more cleanly; it
should not flow far if spilled; and it should be far
more readily extinguished than paraffin, for exam-
ple. However, a number of large-scale attempts to
introduce ethanol gel have not met with success.
For instance, at Umdoni in Natal, a community of
4 000 households was supplied free of charge with
gel for several months. Once they were asked to
contribute towards the cost of the gel, they reverted
to using paraffin (McKenzie and Botes, 2012). 

CPUT was asked by the Department of
Economic Development and Tourism of the
Western Cape Provincial Government to look at the
possibility of using ethanol gel as a replacement for
paraffin, partly because the economic and social
costs of using paraffin were so high, and partly
because there was the potential to create jobs in the
local production of both fuel and appliances. The
study will cover a number of phases; this report
describes the outcome of part of the first phase, in
which a sample of 150 households was selected to
test the best available gel and cooker. 

First, it was necessary to identify a suitable com-
munity for the test. This task has been described in
another paper at this conference (Lloyd, 2014). In
essence, the Mustadafin Foundation, a charitable
NGO who were active in several low-income com-
munities in Cape Town, were contracted to assist.
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They undertook to identify a suitable community
and households within that community willing to
take part in the experiment. This paper takes up the
programme at that point.

2. Identification of households

Identification of households proved much more
challenging than at first appeared. Mustadafin
arranged a meeting at the local school with the help
of the local Councillor; pamphlets describing the
programme were distributed; but when we arrived
at the school, the headmistress informed us that she
had not been asked to host a meeting, and in any
event, it was impossible to hold a meeting at that
time because the school was in progress.
Refreshments intended for distribution after the
launch were given to the waiting crowds, and what
was left over was distributed to the learners

A second pamphlet drop, and liaison with the
headmistress directly, saw the team gather in the
great hall at the school, erect banners, put out flow-
ers, and wait .... After two hours, three or four curi-
ous people wandered in. ‘Oh no! Saturday morning
was a terrible day to hold a meeting. Everyone is
down at the supermarket.’

A change of time, a change of venue (to the
crèche in Samora Machel) and about fifty people
arrived. The purpose of the experiment was
explained to them. If they wished to take part, it was
first necessary for them to sign a consent form,
recognising that as this was an experiment, there
were unquantifiable risks which they would have to
bear, and agreeing that any information they pro-
vided would be handled confidentially, and no indi-
vidual responses would be reported.

The late delivery of gel caused a delay in the
programme, and it was not until early in January
2014 that the programme could continue. Those
who had already signed up for the pilot test were
invited to come and collect their stoves at the
crèche. When the team arrived there, the hall was
full (Figure 1). A fire soon after Christmas had left

many homeless, and the offer of a free stove was
too good to miss. We soon signed up over 100 new
volunteers (Figure 2).

3. Gel and stoves

Four samples of gel fuels were tested for compliance
with the essential features of SANS 448 (SABS,
2010). Three were found compliant with the mini-
mum heating value of 18MJ/kg. Two of the compli-
ant samples proved to be no longer available on the
market, and accordingly, 3 000 litres were ordered
from the remaining supplier, Greenheat, with a
specification of a minimum cv of 20MJ/kg.

All stoves tested failed the basic requirements of
SANS666 (SANS, 2008). Figure 3, for instance,
shows the tell-tale soot on the base of a pot, indica-
tive of very incomplete combustion of the fuel,
largely caused by inadequate mixing of fuel and air
and insufficient distance between flame and pot.

Nevertheless, it seemed possible to cook using
these stoves. Attempts to acquire them for the pilot
test were frustrated by lack of supply. Eventually the
total stock of two-burner stoves was acquired from
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Figure 1: The crowd of volunteers waiting to sign up for the pilot

test, crèche, Samora Machel

Figure 2: Completing

consent forms to take part

in the pilot test

Figure 3: Base of pot after a single cooking test



two different wholesalers. In total we acquired 154
stoves, which was only just enough for the pilot test.
This was most unexpected, as several years ago,
when gel fuels were being promoted, there were
plenty of stoves on the market. It was clear that the
earlier promise had not created a significant
demand.

In the light of these findings, a decision was
taken to request CPUT’s Agrifood Technology
Station to develop a standard menu for test which
was in line with the cultural preferences of Samora
Machel, and to experiment with methods of cook-
ing that menu, using the available stoves, in such a
way that the fuel consumption was minimised.

4. Cooking with gel

The Agrifood Technology Station developed a
menu comprising:
• A pot of 2 cups of maize meal cooked with water

and half a cup of vegetable oil; and
• A stew of onions, potatoes and cabbage, a cup

of vegetable oil, a packet of minestrone soup
and a heaped teaspoon of curry powder. 

It was found that this could be cooked using less
than half a litre of gel by reducing the heat to sim-
mer once the water had boiled or the stew reached
boiling point, covering the pots, simmering for
about 5 minutes, and then turning off the burners
so that the food completed its cooking on the resid-
ual heat. 

While the volunteers waited to sign up for the
pilot test (Figure 1), a Xhosa-speaking technician
from the Agrifood Technology Station demonstrat-
ed the method of cooking, including filling the fuel
cups with just sufficient gel to cook the meal. The
volunteers then had a chance to sample the food.
One spontaneous remark was captured – translated
from the Xhosa, the volunteer said ‘This tastes like
it was cooked on an electric stove!’ 

5. Distribution of stoves and gel

Once the volunteers had signed the consent form,
they then purchased 5 litres of gel fuel for which
they were issued a receipt; attended a demonstra-
tion of how the stoves worked and could be dis-
sembled for cleaning and re-assembled correctly;
and then presented their receipt to be checked and
cancelled before collecting their stove.

The question remained how to re-supply the
volunteers once they had used the first five litres of
gel. After several false starts, Mustadafin arranged
bi-weekly deliveries to the crèche, where the head-
mistress kindly supervised sales. 

6. Survey of experience

Mustadafin researchers contacted a sample of the
volunteers every week. They used a simple ques-
tionnaire (Table 1) which took a few minutes to
complete. The completed questionnaires were then

captured on a database at CPUT and the results
analysed.

Table 1: Survey questionnaire

Name

Cell phone number

When did you get the stove?

1. Do you use it every day? Every other day? Twice 
a week? Once a week?

2. How long does the gel last? <3 days? 3-5 days? 5-
7 days? More than 7 days?

3. Is it easier? The same as? Or more difficult to cook 
than using paraffin?

4. Is it faster? About the same? Or slower then 
paraffin?

5. Is it easier? About the same? Or more difficult to 
light than paraffin?

6. Do you cough at all? Less? Or more than with 
paraffin?

7. Is the smell good? None? Or Bad?

8. It is easy to refill?

9. Is it easy to clean?

10. Have you had any problems with the gel?

11. Have you had any problems with the stove?

12. Do you need any help with anything to do with 
the test?

7. Results

Over the five weeks, 170 interviews were held with
92 individual volunteers. 65 volunteers were inter-
viewed twice, eleven volunteers were interviewed
three times and two were interviewed four times.
There was a high level of consistency in the answers
by those interviewed repeatedly, but towards the
end of the survey period some volunteers were
obviously suffering from response overload – ‘Can
you not just SMS me with all your questions?’

Question 1

Overall, 78±7% (average and standard deviation)
of the responses were that the stove was used every
day; 17±9% that it was used about every other
day; and 8±8% that it was used twice a week or
less. No trends with time were detectable. Note that
the totals exceed 100% because of sampling errors.
In the final sampling, when there were 55 inter-
views, 78% of the responses were that the stove was
used every day, 19% that it was used about every
other day, and 2% that it was used twice a week or
less.

Question 2

Overall, 15±15% of the responses were that 5 litres
of gel lasted less than 5 days; 59±13% that it last-
ed 5-7 days; and 21±18% that it lasted > 7 days.
There was a significant trend for responses in the
<3 days and 3-5 days to drop with time, presum-
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ably as the users became more skilled at using the
gel. The trend for those reporting 5-7 days was
downwards, but the trend was not statistically sig-
nificant. The trend for those reporting more than 7
days was significantly up. In the final sampling, 8%
reported that 5 litres lasted less than 5 days, 46%
reported that it lasted 5-7 days, and 46% also
reported that it lasted >7 days. These results are
shown in Figure 4.

Of course, this data includes some who do not
use their stoves every day. The analysis was accord-
ingly repeated using only those who reported daily
use. Unfortunately in sample periods 2 and 3, those
using the stove every day were badly unrepresent-
ed, so it was not possible to estimate any trends.
Overall, 16% of those who used the stove daily esti-
mated that 5 litres of gel would last <5 days, 70%
between 5 and 7 days; and 14% for more than 7
days.

Questions 3, 4 and 5

The results showed users preferred gel to paraffin
almost universally. In no case was gel rated as infe-
rior to paraffin:

Questions 6 and 7

Similarly the respondents were very positive about
gel having less of a smell than paraffin, and they
noted they tended to cough less.

There was no significant trend in either of these
results with time. However, importantly there were
no reports that coughing worsened when using gel.
A single report of a bad smell also noted that it was
when the appliance was first used, so is most likely
appliance-related rather than gel related.

Questions 8 and 9

There was absolute unanimity that the stoves were
easy to fill and to clean. However, some of the com-
ments under Questions 10 and 11 recorded suggest
that some respondents were a bit too hasty in their
answers.

Question 10 

There were six negative comments about the gel,
which are given as recorded in Table 2. Two of
these are clearly appliance related, and two relate to
the problem of judging the correct quantity of gel to
cook the meal. The primary problem appears to be
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Figure 5: Is gel being better than paraffin?
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difficulty in cleaning the residue of the gel from the
fuel cup.

Table 2: Negative comments about gel

I could not switch it off, took me a minute to get it off

The gel burnt faster

Could not blow out

The gel is easily to get burned in the bowl, so it makes
difficult to clean the bowl

The gel stove is easy to use but to clean it very difficult
for me, because the bowl gets stuck with the burned gel

Did not last full cook cycle

Question 11

There were two reports of difficulties with the stove.

Table 3: Negative comments about stoves

The stove switched off while I was cooking

Struggle to put bowl in

The first of these is clearly related to the problem of
judging the correct quantity of gel to cook the meal.

However, there were also some positive reports.

Table 4: Positive comments about the stove

It works wonderful for me

It is a wonderful stove, loving it

It has saved me a lot of money so far and it cooks very
well. Thank you.

Just that I’m impressed by the stove. It’s wonderful

Very pleased with the stove

I still had my gel so I’m still using it. This gel is really
amazing thank you for coming to us with it.

I have gel because I bought it at a shop here by us but
was expensive

I use the gel stove when I have people over because it
don’t smell terrible

I am using mbawula now because I’m a bit broke to buy
the gel

There were several comments similar to the last.
This was a poor community, and the background
study (Lloyd, 2014) showed that about one in every
five homes would turn to wood as a fuel when the
money ran out.

Question 12

The only cry for help was from a respondent who
had cleaned the bowls and put them outside to dry
– where they were stolen. However, there were dif-
ficulties in distributing the gel in the early stages of
the test, and a number of the volunteers ran out of
fuel because of this. It took about two weeks for dis-
tribution to be resolved.

8.  Discussion

These results came as a surprise. Previous attempts
to roll out gel fuels had not met with marked suc-
cess. Instead, this pilot came to an end with the
biggest question from the volunteers being how
they were to be resupplied with gel now that the test
was over. A more positive outcome of a pilot test is
difficult to imagine.

What made the difference? It seems likely that
the decision to sell the gel was key. The Steering
Committee debated this at length. Some members
were all for free supply. The eventual decision to sell
the gel for only R4 per litre represented a compro-
mise. It has the difficulty that such a price is not
market-related, and no-one is certain that gel can
be subsidised on a large scale. However, the results
of this pilot are such that a strong case could already
be made for an ongoing subsidy.

A second factor in the success was almost cer-
tainly the input from CPUT’s Agrifood Technology
Station. The demonstration that it was possible to
reduce the consumption by simple changes to cook-
ing practice meant that residents were able to cook
using less than a litre a day. This translates into a
monthly consumption of about 25 litres. 

The background study (Lloyd, 2014) showed
that the median consumption of paraffin was about

Figure 6: Answers to questions about smell and coughing



15 litres per month. The present paraffin cost of
over R13 per litre, or about R200 per month,
implies that a price for gel of about R8 per litre
would be sustainable. 

A third factor was the part played by the
Mustadafin Foundation. The fact that the
Foundation was known and indeed welcomed in
the community made a huge difference, given some
of the tensions that were known to exist in Samora
Machel. These tensions only surfaced at the outset,
when local politicians were involved, but they were
always present. The Foundation also had a pool of
Xhosa-speakers, which meant that it was possible to
communicate with the community in their home
language. All documentation aimed at the commu-
nity was in both English and Xhosa.

A fourth factor was demonstrating to the com-
munity how to cook with the gel and maintain the
stove. The fact that the volunteers were able to taste
food cooked on a gel stove went a long way to con-
vincing them that this was not some scheme devel-
oped at a university far removed from reality.

It can only be concluded that the pilot test was a
success; that every effort must be made to continue
supplying and occasionally monitoring the commu-
nity; and that further phases in this programme
should be launched without delay. 
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Abstract

As part of a household energisation experiment, a
baseline survey was undertaken from a sample of
152 households in the informal settlement of
Samora Machel. The survey covered energy needs
for cooking, space heating, water heating, lighting
and any other demands, the costs of energy and
total household monthly expenses. The average
home had 3-4 inhabitants in less than 2 rooms.
Paraffin was the primary source of energy for cook-
ing and space heating, and played a significant role
in water heating and lighting. Electricity was quite
widely available, but was used primarily for low-
power services such as radios and cellphones. Only
10% of all homes had a refrigerator. 20% of all
homes purchased LP gas regularly but only used it
on social occasions. Fuelwood was collected rather
than purchased, and mainly burned in an open bra-
zier, both for cooking and space heating. Space
heating was primarily by cookstove; only one home
had a specially designed heater using paraffin fuel.
The median household expenditure was R1
800/month and 20% of this was spent on energy
services. About half the homes are at risk of energy
poverty, where lack of energy could give rise to a
range of health problems, particularly during the
colder months.

1. Introduction

The use of paraffin in low-income homes is associ-
ated with a number of problems such as the death
of children who drink it accidentally, the spread of
fire when as many as 2 000 homes can be
destroyed in a single blaze, extensive burn injuries
and ongoing indoor air pollution with attendant

upper-respiratory-tract infections. For these reasons,
the Western Cape Provincial Government suggest-
ed testing an alternative fuel, and it was necessary
to find a community where the effects of an inter-
vention could be measured.

Accordingly, a search for a suitable community
was initiated. We were assisted by a charitable
organisation, the Mustadafin Foundation, a Non-
Profit Organisation that works across the Western
Cape to uplift destitute communities through edu-
cation, feeding schemes, health care programs,
youth interventions and skills development.

They recommended the Samora Machel com-
munity, a typical informal settlement in the Philippi
district of Cape Town. Figure 1 gives an aerial view
of a typical section of the township, with the small
crèche almost in the centre of the picture. The cross-
roads at the lower centre are at 34o01”02’ S
18o35”07’E. After preliminary investigations, it was
agreed that this seemed a suitable site, which would
be confirmed by the survey.

Figure 1: An aerial view of a typical section of

the Samora Machel community, Phiippi

2. Methodology

A questionnaire which had been developed previ-
ously for studying the energy profile of a rural com-
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munity (Lloyd et al., 2004) was slightly modified
and translated into Xhosa. A meeting was held with
the community, in which the purpose of the survey
was explained. The names, addresses and cell-
phone numbers of people who indicated they were
willing to take part in the survey were captured.

Three interviewers from Mustadafin were
trained in the administration of the questionnaire,
initially by administering the questionnaire to each
other, and then on volunteers who would not be
taking part. A Mustadafin supervisor also took part
in the training; he was to debrief the interviewers at
the end of each day and to check the questionnaires
for consistency. 

Then the interviewers went house-to-house. The
residents were first asked to complete a consent
form, which outlined the purpose of the question-
naire and gave an undertaking that the information
they provided would be treated as confidential and
only published in an aggregated form. Once that
had been signed, the interviewers administered the
questionnaire. It took three interviewers four days
to administer 155 questionnaires, of which 152
proved free of errors and thus suitable for analysis.

The data were entered on an Excel spreadsheet,
which facilitated analysis. Some idea of the com-
prehensiveness of the survey may be gained from
the fact that the spreadsheet was 148 columns wide
and 152 rows deep (not counting title columns or
rows.)

3. Results

Social

The average home had three to four residents. The
distribution of occupancy in all homes is given in
Figure 2.

Figure 2: Occupancy level of homes

Very few were single occupancy and there were
none with more than seven. The median home had
less than two rooms, as shown in Figure 3.

Asked who made the purchasing decisions, 38%
reported that it was the husband, son or male part-
ner; 59% said that it was the wife or female partner;
3% reported that it was joint decision-making.

Figure 3: Number of rooms in house

Cooking

Paraffin was easily the most popular fuel for cook-
ing, as shown in Figure 4.

Figure 4: Household choice of fuel for cooking

Less than one house in five had access to elec-
tricity, and half of those used paraffin once their
allowance of free basic electricity (50kWh per
month) was expended.

Over 90% of the respondents cooked on a
paraffin stove, and 8% cooked electrically. There
were a few LP Gas cookers and one person cooked
on an mbaula (brazier).

Asked why they chose paraffin for cooking,
nearly half the residents said it was on the grounds
of cost and 40% said it was because it was readily
available. When the paraffin users were asked
whether they liked cooking on paraffin, only 22%
replied that they did, and of those, 10% said they
only did so because it was cheap; 12% said they did
so even though it made them sick; and 4% said
they did so even though they knew it was unsafe.
Those (88%) who disliked cooking on paraffin said
it was dirty, expensive, made them cough and was
unsafe. The problems experienced when using
paraffin for cooking are given in Figure 5:

When asked for alternative fuel choices, many
responded that paraffin was their only choice! This
is shown in Figure 6. However, over 20% of the
respondents would choose electricity, and of those,
most reported that they would use electricity when
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they had guests. A further 20% said they turned to
firewood as an alternative, and nearly all did so
because they had run out of cash. More than 10%
said they would turn to LP Gas, and about half of
those said they would do so when they had guests.

Figure 5: Problems experienced when using

paraffin for cooking

Figure 6: Choices of alternative fuels

Space heating

Paraffin also dominated the choice of fuels for space
heating. Here wood played a larger role than it did
in cooking, as shown in Figure 7:

Figure 7: Fuel choices for space heating

The type of appliance used for space heating
was, of course, highly correlated with the choice of
fuel:

Some features of interest were:
• Over 10% of the homes had no means of heat-

ing;

• While paraffin dominated, only one person had
a purpose-designed paraffin stove; the remain-
der used their cookstove to provide space heat;

• Those who burned wood mainly used an open
brazier (“mbaula”); there were only two pur-
pose-designed solid-fuel stoves.
The problems that people experienced with their

appliances were very similar to those shown in
Figure 5, except that significantly more (over 20%
of the respondents) reported that explosion was a
hazard when paraffin stoves were used as space
heaters. This is supported by the earlier finding
(Lloyd, 2002) that the longer paraffin stoves
burned, the greater was the risk of explosion. Of
course, the stoves would be used for longer in space
heating than in cooking.

Figure 8: Types of appliances used for space

heating

Water heating

Water heating was also dominated by paraffin, as
Figure 9 shows.

Figure 9: Fuel choices for water heating

It was of interest that nearly one-quarter of all
homes used electricity to heat water. There were no
electric geysers or solar water heaters in any of the
homes. The appliances in use are given in Figure
10.

A feature of this is the relatively large number
who heated water electrically. Only 8% cooked on
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an electric stove, but nearly 25% heated water elec-
trically. Clearly, the community has worked out that
they can afford the convenience of a short, sharp
burst of electricity to heat water, but the need to
linger over cooking makes the use of electricity
unaffordable.

Figure 10: Appliances used for water heating

Lighting

At least there is one household energy need that is
not dominated by paraffin – less than half the
homes are lit by paraffin lamps, as Figure 11 shows.

Figure 11: Sources of light in Samora Machel

homes

Nearly a quarter still rely on candles, and close
to a third use electricity. As this is significantly more
than are supplied with electricity, it is evident that
some homes are lit via lifelines from electrified
neighbours. The median consumption of candles
was about 18 per month in the homes that used
candles.  

Appliances

The appliances in use in SamoraMachel are shown
in Figure 12. The large number of kettles seems sur-
prising, until it is realized that most of these must be
unpowered kettles, i.e. spouted containers for heat-
ing water which must be placed on a stove or fire.
The low incidence of refrigerators and similar elec-
trically powered appliances, which are almost uni-

versal in higher income homes, is noteworthy.
Radio is generally battery-driven; most homes that
were electrified had a television; non-electrified
homes with television used batteries and com-
plained about the cost.

Figure 12: Appliances in use in Samora Machel

Costs

Attempting to obtain a community’s idea of cost-of-
living expenses is fraught with difficulty. However,
in the present case, some estimates were surprising-
ly good. For instance, one question asked how
much fuel the user used each month, and another
asked what the cost of the fuel was. In the case of
paraffin, the results are shown in Figures 13 to 15.

Figure 13: Reported monthly paraffin

consumption, l

Figure 14: Reported monthly cost of paraffin, R

The fact that the average price of gas deter-
mined in this way is close to the known price at the
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time of approximately R11.50, and that the esti-
mated price is approximately normally distributed,
gives some degree of confidence in the demand
profile shown in Figure 13 and the use profile
shown in Figure 14. 

Figure 15: Estimate of paraffin cost, R/litre

About 40% of the homes had some access to
electricity and were able to report their average
costs, which are shown in Figure 16. The median
cost is about R110 per month, which would indi-
cate a median consumption of about 150kWh/
month, inclusive of the 50kWh of free basic elec-
tricity which the poor are allowed.

Figure 16: Monthly cost of electricity in

electrified homes in Samora Machel

This would be too little to run a fully electrified
home, and indeed is what would be expected,
given the general lack of appliances noted earlier.

A very similar study was possible for the data on
candle use. The median candle consumption
amongst candle users was 18 per month and the
median cost per month was R22, giving an estimat-
ed cost for a packet of 6 candles of about R7.35 –
compared to a recent actual cost of R7.49. Again,
therefore, the estimates derived from the question-
naire were close to the known truth.

The respondents were asked to estimate their
monthly expenses for a range of goods and servic-
es, namely food, clothing, transport, school fees,
entertainment, servicing of loans, energy (coal,
electricity, LP gas, batteries, fuelwood) and any mis-

cellaneous expenses (which were mainly cosmet-
ics). The total expenditure per month is given in
Figure 17.

Figure 17: Monthly expenditure on goods and

services, Samora Machel, October 2013

The median household expenditure of about R1
800 per month is close to the known household
income of R1 800/month.

Figure 18 shows the monthly expenditure on
energy, and Figure 19 shows the distribution of the
ratio of energy to total expenditure. 
Figure 18: Monthly expenditure on energy

Figure 19: Ratio of energy to total expenditure

per home.

4. Discussion and conclusions

This study of energy use in an informal settlement,
Samora Machel, on the outskirts of Cape Town has
given useful insight into how the poor actually live.
The environment is crowded, with more people per
house than there are rooms. The people rely on
paraffin to a large extent for most of their household
energy. They cook, keep warm, heat water and light
their homes with paraffin. There is some access to
electricity – 38% of the households have a monthly
electricity bill – but the use of electricity is mainly
confined to low-power demands such as radio and
communications. There are few refrigerators and
fewer still freezers. 

Fuelwood plays a role in space heating, and
candles play a role in lighting, but even in these
areas, paraffin dominates. It dominates even
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though most homes reported considerable prob-
lems arising from its use. In particular, there were
widespread reports of coughing, and these were
confirmed in house-to-house visits. The community
was also only too aware of the other challenges cre-
ated by paraffin use, including poisoning of children
and contributing to the initiation of fires. 

A survey of monthly expenditure on a range of
goods and services showed that the total expendi-
ture was very close to the known household
income. However, for many the cost of energy con-
stituted a huge portion of the monthly expenditure.
About a quarter of all homes lived in energy pover-
ty, with energy costs more than 25% of monthly
household income.

It could only be concluded that almost any inter-
vention that would reduce paraffin use without
imposing any financial burden on the community
would be welcomed.
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The title says it. No less than 41 of the world's top
personalities – including Franz Alt, Karl W Böer,
Michael Eckart, Hans-Josef Fell, Adolf Goetzberger,
Stefan Krauter, Hermann Scheer, to name just a few
– contributed to this 774 page lavishly illustrated
book.

Well, the book is actually about the PV revolu-
tion: its visionaries, pioneers, early business
adopters, detractors, opponents, success stories and
worldwide lessons learnt. 

Wolfgang Palz's introduction stresses the phe-
nomenal technical, social and legislative changes
that have taken place in the last few years, showing
the linkages between the semiconductor world,
LED, PV, communication and democratisation of
power generation. ‘It has been shown for many
countries that areas available on the existing build-
ings are more than enough to provide, when
equipped with PV, all electricity needed in the coun-
try.’ While Germany leads with a per capita PV
installation of over 400W, he expects China to lead
in the area production.

The technology leadership of the US in devel-
oping PV for space travel is contrasted with the
actions of the Ronald Reagan administration. The
life stories of the great global pioneers, written by
themselves make fascinating reading. Hermann
Scheer and Hans-Josef Fell describe the ups and
downs of the successful German Feed-in-Tariff in
vivid terms, including the devious moves by
monopoly utilities and their lobbies. This is a
remarkable piece of history showing governments
in cahoots with big business and its vested interests,
while ignoring the voters’ needs and wishes. 

Monica Oliphant presents the narrative of the
International Solar Energy Society interwoven with
personalities like Farrington Daniels and Adolf
Goetzberger, founder of Fraunhofer ISE in Freiburg.

Michael T Eckard, ACORE President does not
mince his words: ‘...[T]he people at the World Bank
were sandbagging the study and setting op the out-
come for failure’. His experiences in South Africa in
the years 1997-2002 are quite illuminating. With
reference to the Department of Minerals and
Energy's solar home concession scheme, he writes:
‘The whole enterprise of concessions that our Shell-
Eskom joint venture spawned ground to a messy
halt.’

‘My last effort in South Africa was to rescue
$900 000 of funding that the US government had
given to the South African government to renew-
able energy development but went unused.’ He
proposed an $18 million revolving fund to finance
PV in rural areas for ‘productive uses’ of energy. It
was approved by all the relevant parties including
the DBSA and ready to go, awaiting the formal
approval of the DME Deputy Minister. ‘With con-
siderable flourish, the Deputy Minister with 6-8 staff
in the room, folded her arms and said: 'No! You will
not do this. You will not help those banks loan the
money to my people. That money belongs to my
people and was taken from them over the years by
those banks. No, you will give the money to me and
I will take care of it myself!’

Eckart left in silence. Years of work had been
wiped out. On a holiday visit in 2008 he was ‘...sad-
dened to see that forces of bureaucracy and cor-
ruption had mired the solar PV strategy into doom.’

On the more positive side is the story how he
advised Hermann Scheer to extend the REFIT from
5 to 20 years.

Harry Lehmann discusses realistically updated
scenarios showing Germany can phase out nuclear
and have 100% RE by 2050, while reducing GHG
proportionally. Interestingly, as a result of energy
efficiency and other measures, the power consump-
tion is expected to fall from 45 TWh to 25 TWh.
‘There is no need for nuclear power’ and ‘...The
restructured system will not result in higher costs...’

In summary, a fascinating book, brimming with
a wealth of material and presented in an entertain-
ing way. 
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