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Abstract: South Africa is being confronted with an irregular power supply, leading to persistent load
shedding due to aged and unreliable coal-fired power plants. Connected with coal as a generating
source for electricity from fossil fuels are environmental concerns such as emissions of greenhouse
gases and climate change impacts. Nuclear energy can allay the country’s dependence on coal as a
source of energy. This article, therefore, reviews the feasibility of nuclear energy using a multicriteria
analysis technique. A combination of Strengths, weaknesses, Opportunities, and Threats (SWOT)
analysis and Analytical Hierarchy Process (AHP) was used to evaluate the external and internal
factors that could either positively or negatively affect the country’s nuclear energy expansion drive.
From the analysis, the country’s enabling laws and regulatory framework recorded the highest score
of 39.2% under the strengths for the sector. In the case of the weaknesses, the high cost of construction
and long construction framework recorded the highest weight, of 50.47%. Energy export and demand
under the opportunities recorded a weight of 52.09%, ranking it as the highest opportunity for the
sector. Seismic events were identified as the biggest threat for nuclear power expansion in the country,
and the experts assigned a weight of 42.5% to this factor.

Keywords: nuclear energy; South Africa; multicriteria analysis; Analytical Hierarchy Process;
SWOT analysis

1. Introduction

South Africa is ranked as the fifth most populous country in Africa, and the recent
projection in 2019 estimates the population at 58.5 million [1]. The catalyst for the economic
development and growth of any economy is energy. It is an indisputable fact that one
of the key constituents to the development of South Africa is its energy potentials [2].
However, in generating energy, the country relies heavily on its large coal deposit, which
is a fossil fuel product [3]. The abundance of coal and the well-established infrastructure
have allowed the country to generate electricity at a cheaper cost when compared to
the infrastructural development of other energy sources [3]. Nevertheless, this has not
translated to the total availability of energy to all its citizens. In 2018, it was estimated that
more than 1.5 million households, representing about 5 million South Africans, are still
without electricity [4]. It is expected that the electricity demand will increase from 245 TWh
in 2015 to 522 TWh in 2050, representing an annual growth rate of 2.3% [5].
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The country is regarded as one of the fast-developing economies in the world [6].
Although the speed of electrification in the country has increased, the backlogs have
been challenged by the aging coal-fired stations, resulting in belt and structural damages,
which require increased maintenance downtime, and even environmental consequences of
greenhouse gas emissions and climate change impacts [3]. These effects have prompted the
government to look inwards into other energy sources as an alternative to coal. One of the
considered energy options is the exploitation of nuclear power, which is expected to help
decarbonize the very intensive coal-powered source. In the world today, after hydropower,
the second-largest source of low-carbon energy used in electricity production is nuclear
power [7]. In the course of operation, near-zero greenhouse gases are emitted by nuclear
power plants. According to the IEA [8], over the past 50 years, more than 60 gigatonnes
of greenhouse gas emissions have been reduced, which, globally, translates to almost two
years’ worth of energy-related emissions.

Around the world, nuclear power accounts for 10% of the electricity production,
representing one-third of low-carbon electricity. There are about 440 nuclear power reactors
in 30 countries, including South Africa, that are in operation currently. In 19 countries,
there are 54 reactors under construction, which includes four countries building their first
reactors [7]. This article was, therefore, objectively driven by evaluating the desirability
of increasing the nuclear power in the country, thereby enhancing the necessity to reduce
greenhouse gases from fossil fuels’ consumption, the need to upsurge the energy share
in the country’s energy mix, and the necessity to ameliorate sustainable development
and growth through the provision of clean energy sources using a multicriteria analysis
approach on the provision of nuclear energy in the country. Although studies such as
Ishola et al.’s [9] and Agyekum et al.’s [10] looked at the nuclear energy environment,
such as Ghana’s and Nigeria’s, they did not combine it with any multicriteria analysis.
This study moves a step beyond the mere identification of the various factors under the
SWOT analysis by using the Analytical Hierarchy Process to assign weights to the various
identified factors using input from experts in the sector. This approach gives more detail
to the various identified factors and also presents the most pressing factors to be resolved
during decision making.

The study is organized as follows. The current energy status of South Africa is
presented in Section 2. The country’s roadmap for nuclear energy is presented in Section 3.
Section 4 looks at the cost comparison of nuclear and other alternative sources of energy
generation. The method used for the study is presented in Section 5. The results and
discussion are presented in Section 6. The conclusion is presented in Section 7.

2. Current Energy Status in South Africa

Coal is the dominant source of energy in South Africa, and it is in abundance and
cheap. In the world, the country has the fifth largest coal reserves, and they are estimated at
around 66.7 billion tons [11]. Coal is regarded as among the lowest in terms of energy cost
in the world, and, by international standards, the country’s coal deposits are comparatively
shallow with thick steams, which allow mining to be inexpensive and easy. Presently, by
production and supply rates, it is estimated that the coal reserves cannot exceed 50 years
more [3]. Significantly, it is unlikely that the dependence on coal by South Africa is going to
change in the next two decades due to the lack of a suitable substitute for coal. Apart from
the extensive use of coal in the domestic economy, in 2016, South Africa exported around
24% of coal and only imported around 1% [5]. Still dominant in the country are coal-fired
power stations in terms of generating power until other sources such as renewables and
nuclear are ascertained. In 2018, a major contribution from the coal-powered stations makes
up 83% of the energy mix from the generating capacity. By combination and contribution,
the maximum generating capacity by other power stations constituted a total of 17%,
with gas turbines accounting for 6%, pumped storage schemes 6%, and nuclear power
stations 3%. Wind farm generation at 100-MW capacity was insignificant compared to
other sources [12].
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Approximately 40% of the total electricity supplied on the continent is from South
Africa [13]. The electricity sector is controlled by the national utility Eskom, which is the
primary supplier of electricity and generates around 90% of the total electricity consumed
in the country [11]. The other balance is supplied by private generators, redistributors,
and municipalities. Directly, Eskom sells power to some 6 million residential households,
2703 industries, 81,638 agricultural, and 51,848 commercial entities, with its over 28,000 km
of transmission lines, which span the entire country. In 2016, the total electricity produced
amounted to 91%, while 3% was the country’s net export [13]. A number of hydro, gas-fired,
coal-fired, and pumped storage power stations are owned by Eskom. Aside from coal,
which contributes around 69% of the total energy supply, other sources include gas, 3%;
renewables and waste, 11%; crude oil, 14%; and nuclear energy, 3% [12].

3. Nuclear Energy Road Map in South Africa

The journey toward the development of large-scale renewable technologies in South
Africa demonstrates a heterogeneous combination of government intervention policies,
which unite with market forces to convey an unparalleled world-class energy program [3].
The country’s state of energy sources’ reports historically dates back through the chronicles
of individual developers and decision makers who influenced the direction of energy
policy and eventually the implementation in various ways. Over and above the rich
coal deposit, South Africa is fortunate to be well endowed with non-depletable energy
resources. The coal reserves are mainly found in the northeastern part of the country
(Mpumalanga), whereas much of the load is in Durban and on the coast close to Cape
Town. In the mid-1970s, the government decided to build approximately 1800 MWe of
the nuclear power plant in Koeberg, near Cape Town, because the movement of coal or
electricity over a long distance was inefficient [14].

Additionally, the Pebble Bed Modular Reactors (PBMRs) and Small Modular Reactors
(SMRs) were developed by a South African company from 1994 till 2009. Included in
the facilities were a gas turbine and heat transfer labs at a high-pressure temperature
helium test rig to reduce the temperature from 950 °C to 800 °C as well as a prototype
fuel fabrication plant, which included kernel production, coated particle production, fuel
sphere production, and quality control [15]. Inherently, the PBMRs are well characterized
by safety features, meaning no equipment failure or human error can cause an accident that
would be detrimental to the public [15]. Nevertheless, in 2010, the government announced
that it was no longer funding the development of the PBMRs and SMRs and stated that
it was considering a 75% staff cut off. Among the challenges faced by the government
were that no investor or customer was found to be interested in PBMRs and SMRs, several
unresolved technical issues resulted in substantial costs increment, there was no support
from the international banks to grant loans to finance the project, and also the 2008 report
about the major problems of the German pebble bed reactor, which greatly discouraged
investors [16,17]. The South African government engagement in the New Generation
Nuclear Plant (NGNP) came to an end in 2010 when the major consortium withdrew
from the PBMRs and SMRs projects [16,17], which presently remain in a state of care and
maintenance with nine staff members [15].

To keep the lights on in a sustainable manner, there is a rekindled interest in revitalizing
nuclear energy in the country, which is not unconnected with the aging coal plants, which
are now failing due to an increase in energy demand, thus resulting in incessant load
shedding in the country [18].

To enhance the optimum utilization of the abundant renewable energy potential in
the country, the government established several outstanding policies, which can be traced
back to the 1996 constitution. These were effectively translated into different working
documents and notably include the 1998 White Paper on Energy Policy, the 2003 White
Paper on Renewable Energy, and the 2011 National Climate Change Response White Paper
Policy. The National Planning Commission, in 2011, completed the National Development
Plan, which arrays the encompassing long-term vision for the growth and development
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of renewable energy in the country [3]. The South African nuclear sector is governed
mainly by the Nuclear Energy Act 46 of 1999 and the National Nuclear Regulatory Act
47 of 1999. The Department of Energy is saddled with the responsibility of administering
these acts. Through these acts, it is expected that the introduction of 9600 MW of electricity
will be added to the grid, which presently generates about 58,095 megawatts (MW), and
change the energy scenario of the country by the year 2030. Two nuclear reactors producing
electricity in South Africa that were designed and supplied by Framatome are located in
Koeberg, with the details highlighted in Table 1 [14].

Table 1. Koeberg Plant 1 and Koeberg Plant 2 [14].

Koeberg Plant 1
rocortre i FIGE e o (N S D Mo
Prﬁ:;g;ﬁ%x%er CP1 198404  Eskom  Eskom 1\/9[386 970MWe  2775MWt 921 MWe
Koeberg Plant 2
Reactor Type Model g;ﬁeccggn Owner Operator Calgae;[ity CS;;)E 1st v g:;zrgi‘; Ne;)(ezzipgfity
Prﬁzzlcltréﬁ%w%er CP1 1985-07  Eskom  Eskom o 90MWe  2775MWE 921 MWe

Nuclear energy is created from splitting uranium atoms through a process referred to
as fission. By this course, through a chain reaction, a large amount of energy is released as
heat, which is generated to produce steam, then used by a turbine generator to produce
electricity [19]. The switch from conventional energy sources, which are crude oil and coal,
to nuclear energy is anticipated to lessen the energy demand pressure in developed and
developing countries [20].

The South African government, through the Department of Energy, in 2014 signed
a Memorandum of Understanding with the State Atomic Energy Corporation of Russia
(ROSATOM), as a strategic partner in the development of nuclear energy in the country.
However, since the 1990s, ROSATOM has been engaged in the supply of enriched uranium
products to the Koeberg Nuclear Plant. In 2015, two Memoranda of Understanding were
also signed in the areas of personnel training and public awareness enhancement in the
nuclear energy sector of South Africa [12]. Furthermore, some African countries have also
entered into a partnership with ROSATOM in the development and deployment of the
nuclear energy program. These countries, in addition to South Africa, are Nigeria, Ghana,
Namibia, Uganda, Zambia, and Tanzanian [21]. The South African government has set the
following target for its energy generation mix by 2030: nuclear energy, 17%; coal, 12.9%;
and hydro, concentrated solar power (CSP), solar PV, wind, and gas are also targeted to
form 7%, 2%, 15%, 16.3%, and 12.9%, respectively [12].

4. Cost Comparison of Nuclear Energy versus Other Alternatives

The inclusion of nuclear energy in the energy mix will lead to an increase in the
installed energy capacity and also the reduction of greenhouse gas emissions into the
environment as a way of combating climate change. Nuclear technology, unlike other
alternative sources, uses uranium in generating power. Lazard’s 2018 Levelized cost
of energy components’ (LCOEC) estimation for different sources of energy is outlined
in Table 2. This estimation undeniably puts nuclear power production for energy as
one of the expensive one compared to other options. Nonetheless, in the context of
environmental pollution, principally from fossil fuels, the exploration of nuclear energy is
a better alternative due to its limited carbon dioxide emissions. Additionally, there is high
uncertainty regarding energy policies that could rule out some technologies as a result
of the high recompense rate demanded by investors in order to pay for perceived high-
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level risk concerning those technologies [22]. Although relatively cheaper, the unevenness
of renewable energy sources such as solar and wind makes them disadvantageous over
nuclear energy.

Table 2. Levelized Cost of Energy Components: Low and High End [10].

Type of Technology Levelized Cost of Energy Components ($/MWh)
Alternative Energy Low End High End
Solar PV-Rooftop Residential 151-160 245-267
Solar PV-Community 67-73 135-145
Solar thermal tower with storage 78-98 164-181
Fuel cell 45-103 83-152
Geothermal 46-71 76-111
Wind 23-29 45-56
Conventional Energy
Gas peaking 108-152 145-206
Nuclear 87-112 162-189
Coal 41-60 110-143
Gas combined cycle 1641 47-74

5. Methodology

The study adopted both quantitative and qualitative means of evaluating the country’s
nuclear energy sector. This study adopted a multicriteria decision-making approach, i.e.,
the SWOT analysis approach, which is an acronym for strengths, weaknesses, threats, and
opportunities, and the Analytical Hierarchy Process (AHP) to scrutinize the disposition of
South Africa’s nuclear energy. The flowchart for the study is presented in Figure 1. The
main source of information about the various factors considered was from the literature
that was reviewed, either from published peer-reviewed articles, government documents,
or views from experts in the country’s energy sector.

5.1. SWOT Analysis

The appraisal of SWOT analysis is founded on the internal (strengths and weaknesses)
and external (opportunities and threats) measures. Originally, the SWOT technique was
applied in the business and marketing environments. Today;, it is been applied in other
research disciplines including the field of energy [23]. Widely accepted in energy-related
research in evaluating salient factors is the SWOT analysis tool. Several authors have
applied this technique in eliciting findings in the field of energy. Some include a study by
Kamran et al. [24], which applied the SWOT technique in evaluating the empowerment
of the renewable energy sector in Pakistan. Chen et al. [25] used SWOT analysis as a tool
in assessing the advancement and potential of green energy in South Korea, Japan, and
Taiwan. Ishola et al. [9] applied the tool in the assessment of Nigeria’s nuclear power
exploration planning. The tool was also used by Hamami et al. [26] in analyzing the key
issues in the Tunisian energy sector. The application of SWOT analysis was conducted by
Lei et al. [27] in assessing Africa’s photovoltaic solar power in comparison to China. The
deployment of SWOT analysis is advantageous on the grounds that it can be conducted
with little or no cost. It also lays emphasis on crucial factors that could affect the smooth
execution of a business or project. The data for this study were sourced from relevant,
existing literature and working documents on nuclear energy development in South Africa
and around the world. The significance of this study is to explore and ensure strategic
decision making regarding nuclear energy options in South Africa that are expected to be
of immense value to the decision makers.
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Assigning of weights using AHP
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Yes

Figure 1. Flowchart for the study.

5.2. Analytical Hierarchy Process

The AHP method was developed by Saaty [28,29]. This method has the potential to
lessen complex decisions to a series of pairwise comparisons. It can check the consistency of
individual decisions to reduce the biases that may exist in the decision-making process [30].
Let M = [Cj;] be a pairwise comparison that shows the intensity of an expert’s preference
between factors or individual criteria that are to be considered. The judgement matrix
for n criteria for a particular study can be described as presented in Equation (1) [31,32].
The criterion weight for each factor identified under each of the quadrants of the SWOT
analysis was calculated using Saaty’s fundamental scale, which is also recognized as the
9-point scale, shown in Table 3.

€11 €12 --- C1(n-1) Cin
€21 €2 ... On-1) Con

M=| . ) . ¢y
Cnl Cn2 -+ Cy(n—1) Cnn

where C;; represents the comparative importance of the criterion C; over C;.

A total of 16 experts in the South African Nuclear energy and power sector were
consulted to rank the various identified criteria. To consolidate the experts’ judgments, the
geometric mean (GM) method was used [33]. For this study, the priorities are represented
by p; for every expert, who are then assessed using the row geometric mean method
(RGMM). The following mathematical relations, Equations (2)—(4), were used [34-37].
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Then we normalized it using Equation (3).

Ti
pi = ®)
Zfil 1§}
Equation (4) was used to estimate the geometric consistency index (GCI).
2Y i lnci — Inki
] g pj
GCI = 4
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Table 3. A nine-point relative importance scale was used for the AHP developed by Saaty [38].
The Intensity of the Weight Description Implication
1 Equally significant Equal contribution by two criteria to the objectives
3 Moderately more significant One criterion is a little preferred over the other
5 Strongly more significant One criterion strongly preferred over the other
7 Very strongly more significant One criterion favoured very strongly over the other
9 Verv more sienificant The evidence favouring one criterion over another is
y & of the highest possible order of affirmation
2468 Intermediate values Employed to represent a compromise between the

priorities listed above

If criteria i has one of the above non-zero numbers
Reciprocals assigned to it when compared to criteria j, then j has
the reciprocal value when compared with criteria i

6. Results and Discussion

This section provides the outcome of the literature review and interviews. It includes
discussions on the various factors identified and the various weights assigned to them by
the consulted experts, as presented in Table 4.

Table 4. Summary of the factors discussed under each quadrant.

Strengths Weaknesses

Enabling laws and regulatory framework (S1) Costly to build and lengthy construction time frame (W1)

Uranium mining (52)

Incessant court cases (W2)

Experience with the ope.rathns of an NPP and management of Porous border system (W3)
radioactive waste (53)

Reduction in GHGs’ emissions (S4) Inadequate manpower/technical know-how (W4)

Strong partnerships’ integration (S5)

High energy density (56)

Opportunities Threats
Energy export and demand (O1) Seismic events (T1)
Climate change awareness (02) Water availability (T2)

Foreign investors’ partnership (O3) Incessant court cases (T3)

Job creation potentials (O4) Domination of fossil fuel (T4)

Porous border (T5)
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6.1. Qualitative Analysis
6.1.1. Strengths
Enabling Laws and Regulatory Framework

The use of nuclear energy, including the potential it affords mankind, is sometimes
apparently in contrast with the perceived likelihood of the proliferation of nuclear weapons
and warheads. These different perceptions are understandable in the sense that expertise,
materials, and knowledge that are requisite in producing nuclear energy are no different
than those for producing nuclear power. In line with this, the international community
places emphasis that focuses on guaranteeing the peaceful use of nuclear production [39].
For this reason, the South African government set up the National Nuclear Regulator
(NNR) to regulate every aspect of the nuclear program in the country. The regulation,
together with other nuclear acts, ensures the “provision and maintenance of an effective
and efficient national regulatory framework for the protection of people, property and
the environment against nuclear damage”. The NNR is primarily mandated to monitor
and enforce regulatory safety standards for the achievement of safe operating conditions,
prevention of nuclear accidents, or mitigation of nuclear accident consequences, resulting in
the protection of workers, the public, property, and the environment against the potentially
harmful effects of ionizing radiation or radioactive material. To fulfil its mandate, the NNR
advocates for the development and maintenance of appropriate regulatory frameworks for
enforcing regulatory radiation safety standards that are consistent with the recommenda-
tions of the International Commission on Radiation Protection (ICRP) and the International
Atomic Energy Agency (IAEA) [40].

Uranium Mining

The production of uranium in South Africa has largely been a by-product of copper or
gold mining. Activities have been ongoing in exploiting the uranium-rich slurries from
gold and copper mining in the country. Resource availability is paramount in decision
making when planning for energy-generating technology [41]. Regarding nuclear power,
the disposal of uranium in a certain place reduces the cost of running such facilities.
Presently, there are over 400 tailings, dumps, and dam sites arising from the mining of
gold in the Witwatersrand area of the Gauteng province, where most of the uranium is
mined. Further tailings, dumps, and dams sites around the country are being re-treated to
recover uranium [42].

Experience with the Operations of an NPP and Management of Radioactive Waste

Currently, South Africa is the only African country with an installed and operational
nuclear power plant. The 900-MW PWR reactor is located some 30 km northwest of Cape
Town [43,44]. The country’s electricity utility, Eskom, owns the power station, and about
5% of the country’s annual electricity generation comes from this facility. Additionally,
Vaalputs serves as the waste disposal site for low and intermediate waste, whereas the
high-level waste is kept in pools at the power station [43]. This comes as a strength since
the country has gained experience in the use of a nuclear facility, which suggests that the
country’s plan to expand its generation from nuclear energy will come with relatively
lesser challenges.

Reduction in GHGs’ Emissions

The use of nuclear energy for electricity generation is considered cleaner compared
to other traditional fuels such as fossil. In using nuclear power, greenhouse gases such as
carbon dioxide and methane are deliberated, as by [45]. A nuclear advocacy group, the
World Nuclear Association, revealed that, per gigawatt hour (GWh), the average emission
of carbon dioxide is 29 tonnes, which is favorably compared with renewable energy sources
such as wind, 26 tonnes per GWh and solar, 85 tonnes per GWh, and more favorably with
fossil fuels such as coal, 888 tonnes per GWh, and ignite, 1054 tonnes per GWh. Roughly,
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nuclear produces less or the same emission as renewable energy and, thus, it is considered
an environmentally friendly source of energy [45].

Strong Partnerships’ Integration

The successful deployment of nuclear power production lies within strong partner-
ships and integration of manpower, which will guarantee the impetus to protect the use
of nuclear power. Although, historically, South Africa has pursued self-sufficiency in its
energy cycle, which is becoming a priority, the government has established notable partner-
ships to achieve its energy goal [46]. These prominent partnerships include Russia, China,
Korea, and the United States of America. The South African government’s agreement with
Russia is in the provision of a strategic partnership in the development of nuclear power
plants and waste management. A similar inter-governmental agreement was reached with
China, which initiated the introductory phases for the potential utilization of Chinese
nuclear technology in the country. The partnership integration with Korea and the United
States of America is in the area of research and development. This is to facilitate develop-
ment in the field of nuclear energy and radiation sciences and technology and to process
source material, restricted material, and special nuclear material [47].

High Energy Density

Nuclear energy sources are endowed with higher energy density than fossil fuels and
release a large amount of energy. The amount of energy released from nuclear fission is
estimated to be 10 million times greater than the amount of energy released when fossil
fuels are burned. This implies that the required amount of nuclear fuel from a nuclear
power plant is much smaller when compared to the other power plants. Thus, nuclear
power plants require low quantities of fuel to produce an enormous amount of energy and,
therefore, help in contributing to the low cost of nuclear energy costs. One nuclear power
plant can, therefore, produce thousands of megawatts of energy per hour [48].

6.1.2. Weaknesses
Costly to Build and Lengthy Construction Time Frame

Regardless of being comparatively inexpensive to operate, incredibly, the construction
of nuclear power plants is expensive, and the cost keeps increasing. The operation is
a relatively low-cost endeavor but constructing it in the first place is very expensive.
For instance, from 2002 to 2008, the estimated cost of constructing a nuclear power plant
increased from about $2 billion—$4 billion to $9 billion, and the construction of power plants
oftentimes surpasses their initial estimated cost during construction. Huge investments
are necessary to build a nuclear plant, due to related costs such as the cost of installing
a radiation containment system. Additionally, it takes several years to complete the
construction of nuclear power plants because large infrastructures are required. The hitches
of producing power from a nuclear power plant in a short time frame make it less favorable
when compared to constructing electricity plants that run on traditional sources [49].

Limited Fuel Availability

One weakness confronting the reliance on nuclear power for energy production is the
limited fuel availability it poses. Unlike fossil fuel, which is almost readily available in most
countries, uranium, which is the source of nuclear energy, is a very scarce resource and
exists only in a few countries. Even where available, permission is required from several
international bodies and authorities before building a nuclear plant. Additionally, unless
breeder reactors or nuclear fusion are created, the energy supply from nuclear plants can
dry up, and this could affect the possibility of generating energy with nuclear power plants
in the nearest future. It is ultimately considered as a weakness because, despite the very
high price tag, nuclear power is envisaged as a temporal solution [45]. Furthermore, studies
by Luderer et al. [50] and Sovacool [51] indicated nuclear as having limited fuel availability,
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whereas a study review by Shang et al. [52] indicated the abundance of uranium is in
greater quantity particularly from phosphate rock.

Risks of Nuclear Accidents

There are very strict safety measures in place in any nuclear plant. Nevertheless,
accidents can happen irrespective of the safety measures in place. Surrounding areas to
a nuclear power plant can witness a disastrous impact from a nuclear meltdown. Some
known events from such a catastrophe include the likes of Chernobyl, Three Mile Island
in Pennsylvania, and the Fukushima disaster. In the occurrence of a nuclear meltdown,
there are high chances of harmful radiation, which can leak and cause severe effects on the
environment as well as human health. In the case of the 1986 incident in Chernobyl, thou-
sands of deaths were recorded with an estimated range from 4000 to around 60,000 deaths.
Additionally, more than 2 million people are still struggling with health-related problems
due to the Chernobyl crisis [47]. Today, after more than 30 years, access is still limited in
the 19-mile Chernobyl exclusion zone. However, these accidents are rare [53].

Inadequate Manpower/Technical Know-How

The backbone to the realization of any technology is adequate manpower and the
technical know-how of using such technology. With regards to the exploration of nuclear
power production, South Africa is constrained by manpower and, as such, agreed with
several nuclear power developers to train some South African personnel. As part of
the strategic agreement on nuclear power operations, 50 South Africans had to undergo
training in China. Part of the training among others included the physical characteristics of
nuclear power plants, material sciences, water chemistry, mechanical equipment, steam
power conversion, nuclear island and conventional island equipment, control theories and
radiation instrumentation, operation theories, and nuclear safety culture [18].

6.1.3. Opportunities
Energy Export and Demand

South Africa exports electricity to Lesotho, Namibia, Zimbabwe, Mozambique, Botswana,
Zambia, and eSwatini. In 2016, an estimated 16.55 billion kWh of electricity was exported
from the country [3]. The inclusion of nuclear energy in the country’s energy mix will
ensure the continuous exportation of energy as part of Gross Domestic Product earnings.
Every sector of the South African economy, as well as the population, has continued to
witness exponential growth. The general household survey in 2018 indicated that there
has been a tremendous increase in households connected to the main electricity supply,
increasing from 76.7% in 2002 to 84.7% in 2018. This, however, still indicates a shortfall
of 14.3% of households without connection to the nation’s grid [4]. The socioeconomic
growth continuously puts pressure on the already constrained power sector in meeting the
required energy demand. Consequently, the integration of nuclear power in the energy
sector should be considered as a worthwhile investment because the energy generated will
lessen the burden of energy demand from the already constrained coal-fired plants.

Climate Change Awareness

Globally, most governments, including the South African government, are becoming
more concerned by the impact of fossil-driven fuels, and are, therefore, looking for alterna-
tives. These alternatives will be clean and devoid of environmental consequences. Globally,
this notion has unlocked the integration of alternative energy options, such as nuclear
power, to play an essential role in the energy mix of different countries [7]. Several coun-
tries, especially those generating energy from carbon-intensive sources, have pledged their
support for the abatement of carbon. South Africa, as one of these countries, hosted the
2011 United Nations Climate Change Conference, tagged Conference of Parties (COP 17),
where new treaties were established to limit the emissions of carbon [54].
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Foreign Investors’ Partnership

The expedition by the South African government to diversify its energy mix with
the inclusion of nuclear energy has received interest from different countries. There is
interest in infrastructural funding to advance the prospect of energy technology in the
country and these prospects open the door to providing a solid platform for extensive
future collaborations [55]. These investments in the nuclear energy sector will also pave
the way for the supply of local chain provisions. Similar partnerships and agreements
from foreign investors have created room for government loans in a build-own-operate
model [20].

Job Creation Potentials

The ease of access to energy services, cost, and reliability play a key role in creating
conditions for jobs and production as well as decent work. Improvement in the citizens’
economic well-being is an important priority of sustainable development, as shown in
Sustainable Development Goals (SDG) 8. A nuclear project has the potential to create
several short- and long-term jobs in the areas of operations, contracting, and supply chain.
Jobs concerning energy are normally categorized into induced, direct, and indirect jobs.
Indirect jobs take into consideration the total number of people who are employed in
areas that supply the energy project with goods and services, whereas direct employment
includes the production as well as the delivery of energy products to the final user. Induced
employment is associated with the spending that comes with both direct and indirect jobs
(e.g., spending on salaries). For instance, it is estimated that in the United States of America
each job that is directly created by a nuclear power plant that is newly built induces the
creation of four extra indirect employments in the rest of the economy [56].

6.1.4. Threats
Seismic Events

The siting and construction of a nuclear power plant require the location to be free
from natural disasters such as flooding, landslides, earthquakes, and tsunami [9]. South
Africa is not a particular earthquake-prone country when compared to others. The country
has, however, exhibited a unique distinction because the majority of its seismic activities
are caused by deep-level mining. Over 80% of the recorded seismic activities in the
country are all mining related. In the country, areas of deep-level gold and iron ore mining
are potentially prone to earthquakes [57]. Occasionally and seasonally, and like most
African countries, South Africa experiences some episodes of floods [58]. However, the
probability of flooding affecting its nuclear site can be controlled by crucial geological and
geographical assessments. Additionally, of concern from the seismic events is that the
deployment of nuclear technology leads to the generation of radioactive waste. This could
lead to radionuclide and heavy metal pollution resulting in acid mine drainage, in addition
to creating radioactive waste, which is of great concern to the government.

Water Availability

Despite the long stretches of its coastline, measuring 3000 km south to the Atlantic
and surrounded by several water bodies, South Africa is regarded as a water-stressed,
water-scarce country [59]. The average rainfall is 465 mm, far below the world average
of 1200 mm [60]. Water is imported to South Africa from the Katse Dam, through the
Lesotho Highlands Water Project [61]. Nuclear reactors require enough water to cool and
steam the system before heat that is produced and converted to electricity is generated [62].
Presently, water scarcity is overwhelming in most parts of the country from industrial to
households; thus, redirecting water for human consumption to power nuclear reactors may
be considered a misplaced priority [63].
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Domination of Fossil Fuel

South Africa relies heavily on its abundant coal and its abundant reserves to meet
most of the required energy to run its economy principally in the large-scale power sector
and energy-intensive coal mining industries. Approximately 60% of the coal produced
is used in generating electricity, and around 25% of it is converted to fuel [3]. Locally,
the low stocks of coal are consumed, while a portion of the high stocks, around 30%, are
exported. Coal represents the third-largest source of the country’s foreign exchange, just
after platinum and gold [12]. Globally, coal is regarded as one of the lowest sources of
energy in terms of cost. Despite the enormous renewable energy potential that abounds in
the country, there is no end in sight for the country to eradicate or become less dependent
on its coal. This is because coal has stood as a strong bond in the country’s economy with
several policies, for now favoring its use, thereby impeding the dissemination of other
imaginable energy alternatives. Discouraged by investors, more attention is given by policy
and decision makers regarding short-term growth of the economy instead of long-term
sustainable development [27].

Incessant Court Cases

There are several litigation hearings relating to the development of nuclear energy
in South Africa. Numerous concerns raised regarding environmental issues and socio-
economic injustices have been a matter for court pronouncement. Some declaratory relief
is being sought by the litigants concerning the nuclear procurement processes. Other cases
involve public health issues as well as environmental impact assessment. These cases are
considered as barriers to the development of nuclear energy in the country because the
advancement of the technology is put on hold until final verdicts are pronounced by the
different courts where the cases are being pursued [64].

Porous Border System

South Africa is the gateway to other countries, destinations mostly in the Southern
Africa Development Communities (SADC), and has also been compounded with the influx
of illegal migrants. These undocumented illegal migrants engage in different criminal
activities such as illegal mining. Uranium, which is a by-product of nuclear energy, which
can be mined for economic prosperity, can also be a dangerous weapon in the hands of
criminals. A porous border system is a threat to the advancement of nuclear power. A case
in point was when two women were caught with explosives worth over R1 million, which
was destined to Gauteng Province from a neighboring country [65].

6.2. Quantitative Analysis

After the identification of the various factors under each quadrant, as presented supra,
the experts were asked to assign weights to each criterion using the AHP approach, as
presented above. The assigning of weights is key to enable policy and decision makers to
know the most critical issues that require urgent attention during decision making relative
to the development of a nuclear power plant. The experts provided vital perspectives to the
successful completion of this research. In all, a total of 19 input criteria were assessed (pair
comparison). The quantitative results for each section of the SWOT analysis are presented
as follows.

Enabling laws and regulatory framework (S1). This factor is ranked highest by
the experts; it recorded a weight of 39.2%. This is, according to them, the safety of
people and the environment in countries where NPP depends on the availability of a
strong regulatory regime that oversees the safety of the facilities. In that regard, the IAEA
promotes the formation of a comprehensive regulatory framework to safeguard the safety
of such installations throughout its lifetime. These regulatory frameworks are made up
of relevant regulations, legislation, and guidance as well as a robust management and
leadership program for safe operations of the installation [66]. Additionally, in the view of
the experts, South Africa already has these legislations and regulatory frameworks in place
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since it has an already operational nuclear facility. In that regard, the country already has
experienced people in place to manage any further expansion that would take place, hence,
the reason for the high score for this factor.

Uranium mining (S2). The availability of uranium placed second in the rankings; it
recorded a weight of 21.9%. Research has shown that the gold tailings at the Witwatersrand
basin alone have an estimated uranium concentration of about 100 mg/kg U3Og averagely,
which ranges from approximately 10 mg/kg to hundreds of mg/kg. As a result, these gold
tailings are estimated to have more uranium or more uranium tailings from some mines in
the country than those from Namibia or Germany [67]. South Africa has considerable ura-
nium reserves with an extensive uranium mining industry. This makes the country one of
the important world producers of uranium. The availability of this resource in the country
is an important element of the security of energy supply in a country’s energy sector [68].

Experience with the operations of an NPP and management of radioactive waste
(S3). There has always been a strong awareness about the possible hazard of nuclear
criticality as well as the release of radioactive materials from nuclear power plants. Due
to this, there is always the need to get highly qualified personnel to manage and operate
such facilities. South Africa has a running NPP and has some of the best personnel in the
industry responsible for the operation and management of nuclear waste. This comes as
an advantage relative to the country’s intended vision of adding more NPPs to its energy
generation mix. As a result, the experts assigned a weight of 13.7% to this factor.

Reduction in GHGs’ emissions (S4). Experts assigned a weight of 10.8% to this factor.
Obviously, nuclear power comes with advantages, one of which is the fact that nuclear
energy has proven to deliver safe and considerable base-load power without generating
large quantities of GHG. Therefore, increasing its use in the country’s energy generation
mix has the potential to cut down the level of emissions that are associated with the
generation of power.

Strong partnerships’ integration (S5). As discussed above, the South African govern-
ment already has strong collaborations with several countries relative to its nuclear power
development. International partnership is key to the success of innovative nuclear research
and development activities relative to the sharing of financial burdens, prevention of du-
plications, optimization of the use of existing resources, enhancement in the movement
of specialists and knowledge, and the exploitation of synergies. It is in light of this that
it is important for countries that have expressed interest in the development of their first
NPP to be encouraged to come together with international organizations to cooperate on
innovative nuclear systems as well as the sharing of information on a broad cross-sector
range, which may include the formation of clear corporation rules as well as coordination
instruments within international bodies” framework, which include representatives from
both industrial and governmental entities [69]. Given this, the consulted experts assigned
a weight of 8.2% to this factor, placing it third in terms of the ranking. The government is,
therefore, called upon to deepen its cooperation with both international industrial entities
and governments.

High energy density (S6). Experts assigned a weight of 6.3% to this factor. As
indicated supra, the high energy density of fuel used in NPPs makes it energy efficient. It
is estimated that a 6-g uranium pellet has an energy that is equal to 17,000 cubic feet of
natural gas or a ton of coal [70]. As a result, it comes as a form of minimizing environmental
pollution relative to waste from the nuclear facility.

The outcome of the AHP for the strengths is presented in Figure 2. The consolidated
matrix for the AHP is presented in Table 5. According to the results, a CR and GCI of 9%
and 0.33 were obtained. This is an indication that the judgements of the consulted experts
are consistent and reliable.
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Figure 2. Weights for the various criteria under strengths.
Table 5. Pairwise comparison matrix for strengths.
Criteria S1 S2 S3 S4 S5 S6
S1 1 3 5 3 4 3
52 1/3 1 3 3 2 3
53 1/5 1/3 1 3 2 2
54 1/3 1/3 1/3 1 2 3
S5 1/4 1/2 1/2 1/2 1 2
56 1/3 1/3 1/2 1/3 1/2 1

Costly to build and lengthy construction timeframe (W1). The cost of construction
for NPP depends on several determinants. Some of these include the capacity of the plant
and its complex technology, revisions during construction, safety, environmental concerns,
modularization and serialization, change in standards for regulation during construction,
and acts of nuclear opponents, which are all factors that affect the cost of construction of
a NPP [71]. Financing of an NPP in the course of construction represents an additional
layer of the entire investment costs, which depend on the construction period and the
interest rate during construction. It has been estimated that the financing cost of an NPP
may represent an extra 20-29% of the over-night cost for a construction period of 7 years
and 37-57% of the overnight cost for an increased construction period to 10 years, when
a Weighted Average Cost of Capital (WACC) between 7-10% is applied, excluding the
general price inflation rate [72]. This, according to the experts, is a major concern in the
development of NPD, especially for a developing economy such as South Africa that may
not be able to solely finance the construction of additional NPPs and may, therefore, rely
on outsiders to fund it. In their view, this could prolong the construction period, which
will ultimately result in an increased overnight cost for the power plant. To that effect,
this factor was given the highest weightage of 50.47% among the identified weaknesses,
making it the first priority.

Limited fuel availability (W2). The finite nature of nuclear fuel is one of the disad-
vantages, although there is a technology to recycle spent fuel for reuse. Even though South
Africa has uranium deposits, as indicated earlier, there is still consent among the experts
about a possible shortage of this resource in the future, which may mean that the country
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would have to depend on other countries to fuel its power plants. For this reason, the
experts assigned a weight of 8.26% to it, which indicates that it is the last priority among
the weaknesses. This was expected because, as indicated, there is a technology in place to
close the fuel cycle.

Risks of nuclear accidents (W3). This is an issue that has always dominated discus-
sions with the development of nuclear energy. The development of NPPs has mostly been
characterized by public concerns due to the risk of accidents. These concerns became more
global after the Fukushima Daiichi nuclear accident. As a result, countries such as Italy
(in 1987), Sweden (in 1980), Taiwan (in 2018), and Switzerland (in 1990) used referenda to
decide on their nuclear energy policies, i.e., whether to shut down or maintain NPPs [73].
Although several steps have been taken by manufacturers of the various components,
especially the reactor core, to withstand a very high magnitude of earthquakes, the experts
still apportioned 30.26% to this factor, placing it second in terms of ranking.

Inadequate manpower/technical know-how (W4). The availability of the required
manpower and technical know-how is very key in the sector. According to the experts,
although South Africa has experience in the nuclear energy sector, an addition of more
power stations will demand more experienced hands. However, not many people are being
trained to take over from the aging workers, although a few are being trained in countries
such as Russia. They, therefore, see it as a weakness for the sector and, therefore, call on
the government to invest more into the training of more young people in the sector. They
assigned a weight of 11% to this weight, making it a third priority.

The consolidated results for the AHP are presented in Table 6, while the weights for
the various criteria under the weaknesses section are represented in Figure 3. A CR and
GCI of 3.9% and 0.14 were obtained for the AHP, putting it within the acceptable range.

Table 6. Consolidated pairwise matrix for weaknesses.

Criteria W1 W2 W3 W4
W1 1 5 2 5
W2 1/5 1 1/3 1/2
W3 1/2 3 1 4
W4 1/5 2 1/4 1

40

Weight (%)

20

10

Criteria

Figure 3. Weights for the weaknesses.
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Energy export and demand (O1). South Africa, through Eskom, which is its national
electricity utility, remains the dominant electricity market in that enclave. Electricity
systems of smaller countries such as Lesotho, Botswana, Swaziland, and Namibia, which
are neighboring countries, were all developed as offshoots of the South African network,
and, as a result, they have historically been importers of electrical power from South
Africa [74]. With the South African Power Pool (SAPP), an expansion in the country’s
electricity-generating capacity, especially along the lines of nuclear energy, would have a
large energy market in the sub-region [44]. This means power can be exported to other
countries through the SAPP, and, as a result, a weight of 52.09% was assigned to this factor,
indicating its relevance in the energy sector.

Climate change awareness (O2). The increasing threat of GHG emissions on the
survival of people and the environment, in general, has led to renewed commitments by
world leaders to find alternative sources of energy generation to meet demand [37,75,76].
Nuclear energy is seen globally as one of the options for energy generation that could help
cut down the levels of GHG emissions. To that effect, it was ranked as the second-highest
opportunity for the sector; it recorded a weight of 25.89%.

Foreign investor’s partnership (O3). Some 30 countries have been identified as emerg-
ing markets for nuclear energy technologies by the World Nuclear Association. These
regions include the Middle East; Eastern Europe; central, western, northern, and southern
Africa; Central and South America; and Southeast and East Asia. These markets have been
identified by China and Russia as opportunities to enlarge their territories of influence
through economic and diplomatic relationships [77]. This presents an opportunity to South
Africa in terms of collaboration to help finance its nuclear power expansion drive. Other
countries such as the USA and South Korea could also have an interest in South Africa’s
nuclear energy and could invest in the sector. Especially, considering that the South African
government wants to add a total of 2.5 GW of nuclear power to its generation mix, it is
safe to say that small modular reactors (SMRs) may be the best choice in that regard. South
Korea and the USA may have an ace in the hole for the development of SMRs, since the
South African energy minister stated that the country was considering the development of
modular stations [78]. Russia’s ability to provide funding for new NPP projects through
the country’s state-owned enterprises enables it to provide attractive financial terms to
newcomer countries in the nuclear energy sector [77]. The consulted specialists assigned a
weight of 12.08% to this factor, meaning this factor ranks third in terms of opportunities
in the sector.

Job creation potentials (O4). As presented supra, the development of nuclear energy
comes with several job opportunities and, considering the high unemployment rate among
the youths in the country, an expansion in nuclear energy would provide jobs for some
people. Experts, therefore, apportioned a 9.94% weightage to this factor.

A GCI and CR of 0.29 and 8.2%, respectively, were obtained from the computations.
The weights and consolidated matrix are indicated in Figure 4 and Table 7, respectively.

Table 7. Pairwise comparison matrix for opportunities.

Criteria W1 W2 W3 W4
W1 1 3 5 3
W2 1/3 1 3 3
W3 1/5 1/3 1 2
W4 1/3 1/3 1/2 1
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Figure 4. Weight for the identified opportunities in the sector.

Seismic events (T1). The importance of a nuclear facility to withstand earthquakes
has proven to be very key for its safety. An NPP must be designed using the ‘defense-in-
depth’ principle, which involves a systematic application of consecutive and independent
levels of protection through the combination of box-in-box physical barriers and redundant
as well as a different protection functions with accident management procedures. In this
case, one protection layer comes into play when the other fails [79]. These are all measures
that are currently employed to minimize the effect of nuclear accidents that may be caused
by seismic events. However, despite all these measures that are put in place to enhance the
safety of NPPs, the experts still assigned the highest weight, of 42.5%, to it. It is still seen as
a major threat to the development of NPPs.

Water availability (T2). The installation of new NPPs normally comes with extra wa-
ter demands for cooling purposes, mostly freshwater. Research has shown that NPPs” water
consumption is highest in terms of per MWh among the thermoelectric technologies [80].
Considering the water challenges in the country, as presented in earlier discussions, the ex-
perts assigned a weight of 14% to this factor, which is indicative of the very important role
the availability of water at a locality has on site-selection decisions for NPP installations.

Domination of fossil fuel (T3). The dominance of fossil fuel in the generation of
energy to meet the increasing demands has always been a major threat to the diversification
of the energy sector. This is even more worsened by people in authority with interest in
the fossil fuel industry. Such situations tend to slow down the implementation of policies
that would have otherwise led to the diversification of the energy sector. A weight of 27.1%
was assigned to this factor, placing it second in terms of the threats in the sector. It is the
view of the experts that the dominance of fossil fuels in the country’s energy mix would
not give any sense of urgency to authorities to speed up the processes that would lead to
the expansion of the nuclear energy industry in the country since the country has abundant
coal reserves.

Incessant court cases (T4). The usual opposition from the citizenry relative to the
development of nuclear facilities is also a major hurdle that the South African government
would have to cross relative to its nuclear energy expansion agenda. Both community
and public acceptance play a major role in assessing the social sustainability of energy
policy. However, the presence of NIMBY, i.e., not in my backyard, among the people could
result in noticeable differences among the community and public acceptance [76]. Research
has shown that the attitudes of people towards energy technologies are determined by
their net perception of the benefits or risks of that technology, and this is influenced by
the following factors: psychological, personal, and contextual factors [81]. Psychological
factors involve factors such as familiarity or the level of knowledge about the technology in
question and the level of trust. Issues relating to personal factors include sociodemographic
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characteristics such as gender, age, and social class. Contextual factors include the spatial
proximity to the energy facility, the technological aspects, and public engagement [81,82].
The South African government would have to devise appropriate mechanisms to engage
with all stakeholders and the general populace to educate them on nuclear energy. This
could help reduce the level of dislike and opposition expressed by sections of the people.
To that effect, a weight of 5.8% was assigned to this factor during the survey.

Porous border system (T5). The security of the power plant is key. Therefore, any-
thing that makes it easier for a country to be infiltrated by foreigners is a major concern. As
already indicated earlier, the country is surrounded by many countries whose citizens and
non-citizens can easily enter South Africa through illegal routes. This is a major concern,
according to the experts, and, as a result, a weight of 10.6% was assigned, which shows the
severity of this problem. According to the experts, the government must tackle the issue of
illegal migrants seriously to keep the country safe to protect facilities such as NPPs.

From the computations, a CR of 8.1% and a GCI of 0.29 were obtained. The consol-
idated matrix for the threats is presented in Table 8, while the weights for the various
criteria are also presented in Figure 5.

Table 8. Pairwise comparison matrix for the identified threats.

Criteria T1 T2 T3 T4 T5
T1 1 5 2 7 2
T2 1/5 1 1/3 2 3
T3 1/2 3 1 4 3
T4 1/7 1/2 1/4 1 1/2
T5 1/2 1/3 1/3 2 1
50
[ ]Weight
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;\3 30 4
=
=
[}
= 20
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Figure 5. Weights for the various threats.

7. Conclusions

There is the prospect of South Africa mitigating its energy difficulties from nuclear
sources due to the recurrent power crisis resulting from the aging of its coal-fired plants.
Nuclear energy is potentially viable in the country and can meet the high energy demand
while also creating room for a feasible and sustainable transition to the decarbonization
of the present energy carrier, which is heavily dependent on coal. Although, for decades,
coal has dominated the country’s energy market as a threat to the consideration of other
sources of energy, with the government energy mix generation target by 2030, this offers
a very conducive entry for nuclear energy. The decision of the government to add other
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alternative energy sources to mitigate the impact of the continuous power outrange, which
has led to the persistent load shedding in the country, is a welcome idea. Among the
considered energy mix is the integration of nuclear energy. This article, thus, evaluated
the country preparedness of its nuclear power program using a combination of SWOT
analysis and AHP tool. The findings from the study evaluation show that the strengths
of incorporating nuclear energy in the country nuclear power program are its enabling
laws and regulatory framework, uranium mining, and strong partnerships’ integration,
which placed the country in a better position to implement a nuclear power program.
Similarly, the associated weaknesses to the development of nuclear power production
in the country are the inadequate manpower/technical know-how, incessant court cases,
and porous border system that can be mitigated. For instance, the management of a
nuclear power plant comes with a lot of responsibilities and, thus, there is a need for
an experienced workforce to handle such a facility. Though regarded as a weakness in
this study, the training of specialists for the nuclear power sector is a leverage to the
strength, as continuous performance assessment of the country workforce is necessary.
Additionally, incessant court cases can be addressed as well as the porous border system.
The opportunities to have robust nuclear energy production abound in South Africa,
particularly because of the present demand for energy in the country and also to generate
more GDP through energy exportation. Climate change awareness is paramount in the
country due to the impact of fossil fuel consumption. The foreign investment partnership
has been expressed by interested countries to partner with the government in advancing
the prospect of the technology. The key associated threats regarding nuclear power in the
country can also be improved, except for natural disasters, which can only be managed.
There is, however, the need to reassure society that the introduction of nuclear energy will
not lead to the proliferation of arms and dangerous weapons. The study recommends that
the government further capitalize on its strengths and opportunities, while developing a
policy plan can help diminish the weaknesses and threats.
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