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Abstract: Southern Africa has a huge potential for renewable energy sources such as hydro, solar,
wind, biomass, and geothermal. However, electricity access remains a key policy issue for most
member states, with a global average access to electricity of only 54% in 2019. This low electrification
rate is a strong motivation for member states to increase renewable energy use and improve access to
electricity for all. The goal of this paper was to present a literature review of methodologies, energy
plans, and government programs that have been implemented by the Southern African Development
Community member states to address the region’s low average electrification rate and greenhouse
gas emission reduction targets. The study presents the most commonly used methodologies for the
integration of renewable energies into electrical systems, considering the main grid and distributed
generation systems. LCOE minimization methodologies and software options, such as GIS, HOMER,
LEAP, and EnergyPLAN, are the most common among the identified studies. The traditional method
of electrifying by expanding the grid has not contributed to the eradication of energy poverty in rural
areas. Therefore, to improve electricity access in Southern Africa, it is essential to consider off-grid
solutions based on renewable energy sources.

Keywords: renewable energy; electricity access; generation expansion planning; low electrification;
sustainable energy

1. Introduction

Humanity is currently facing several global challenges, and one of them, given its
urgency, is the guarantee of future growth in the energy sector, to ensure electricity access
in a secure, sustainable, sufficient, and affordable way for all [1]. In that regard, the United
Nations (UN) has defined universal access to electricity as one of its Sustainable Develop-
ment Goals (SDGs) to be reached by 2030 [2]. Being recognized as a key driver of human
and economic development [3], SDG 7 calls for ensuring access to affordable, reliable, and
sustainable energy for everyone [4]. Moreover, in developing countries, higher energy
access is associated with higher literacy rates, improved health care, enhanced employment
opportunities, and higher productivity, combating global poverty in general [3]. Never-
theless, according to the International Energy Agency (IEA) [5] at least 770 million people
worldwide still live without access to electricity, mostly in Sub-Saharan Africa (SSA) and
developing countries in Asia. In addition, due to the economic recession caused by the
COVID-19 pandemic, many vulnerable people from these countries have lost the ability to
pay for electricity, also leading to energy poverty problems [5]. Estimates point to more
than 100 million people, mainly located in SSA and developing Asia, being in extreme
poverty in 2020, with more than 200 million people falling into poverty [6]. Hence, it is
important to highlight that, in addition to the low electrification rate in such countries,
which hinders many households from connecting to the electrical grid, other households,
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despite being connected to the grid, are not able to meet the costs of electricity, and continue
to use inefficient traditional fuels.

To increase the electricity access rate, developing countries in Asia, specifically India
and the Southeast countries, point out projections of an electrification rate of nearly 100%
by 2030. However, the same cannot be projected for the SSA countries, since only 60% of
the population is expected to have electricity access by 2030 [5]. In 2019, 578 million people
in SSA did not have access to electricity, equivalent to more than half of all unelectrified
people globally, with the electrification rate remaining at 48% [2]. Additionally, due to
the COVID-19 pandemic, the progress of new connections has decreased, resulting in an
increased number of people without electricity access in SSA for the first time since 2013 [5],
which could lead to around 530 million people without electricity access by 2030 [7]. From
policy scenarios perspectives, many countries on the African continent are developing
strategies that, if implemented on time, would allow providing electricity access to more
than 20 million people each year until 2030 [8]. However, this rate of progress is only
one-third of what would be needed to achieve universal access by 2030.

The Southern African Development Community (SADC) region includes all the coun-
tries located in the southernmost region of Africa, with the Democratic Republic of Congo
on the northern boundary of the region. In 2017, more than 341 million people were living
in SADC, representing around 33% of SSA’s total population of 1.02 billion, and with an
annual growth rate of 2% [9]. Yet, this population is expected to increase to over 500 million
in the next 20 years. To meet all the demands resulting from the increase in population in
the coming decades, a strong commitment to industrialization needs to happen, in order to
guarantee the economic development of the region. Additionally, energy security is another
issue that needs attention from SADC member states, and to achieve it two options have
been used: (i) increase the generation capacity and (ii) increase the transmission capacity at
the national level and interconnections.

SADC member states have been driving strategies and plans for the expansion of
generation capacity, in order to increase the electrification rate at the national level, and also
to increase the sustainability of power systems through the exploitation and integration of
renewables into the energy mix. Furthermore, SADC has pointed to the interconnection
between member states as a way of increasing the availability of electricity throughout
the region, creating an energy market, as well as ensuring energy security. However, for
most SADC Member States, electricity access remains a key policy problem, with the global
average access to electricity being around 54% in 2019 [9].

Hydropower is currently the main renewable energy source in most member states,
including Angola, the Democratic Republic of Congo, Lesotho, Malawi, Mozambique,
Namibia, and Zambia. Therefore, to accelerate energy access for a higher share of the
population, countries like South Africa, Botswana, and Zimbabwe are continuing to exploit
mainly non-renewable energy sources, particularly coal. Additionally, SADC needs to face
the reduction of GHG emissions to ensure sustainability, and to this end, every effort should
be made to guarantee carbon neutrality and a zero-carbon economy. To meet this transition
goal, the integration of RES into Generation Expansion Planning (GEP) is essential. SADC
member states have assumed the goal of ensuring an increasing penetration of renewables
into the national energy mix. The main objectives are to facilitate reduction in dependence
on fossil fuels, and to ensure greater sustainability, as well as to explore different sources of
electricity generation, mainly to supply rural areas, which are essentially characterized by
low electricity consumption and are located far from the main urban centers.

This paper presents a literature review of methodologies, energy plans, and govern-
ment programs that have been implemented by the SADC member states to address the
region’s low average electrification rate and its greenhouse gas emission reduction targets.
The main objective is to present the most commonly used methodologies that take into
consideration the integration of renewable energy sources into power systems both for the
main grid and distributed generation systems for rural communities. The remainder of the
paper is organized as follows. A description of the Southern African energy situation is
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presented in Section 2. The literature review of the integration of renewable energy in the
generation expansion plan for the region is presented in Section 3. Section 4 presents the
planning of power systems within the context of Sub-Saharan Africa. Section 5 presents the
discussion, and the main conclusions are highlighted in Section 6.

2. Southern African Landscape

The SADC was established in 1992 as a regional economic community made up of six-
teen (16) Member States, namely: Angola, Botswana, Comoros, the Democratic Republic of
Congo (DRC), Eswatini, Lesotho, Madagascar, Malawi, Mauritius, Mozambique, Namibia,
Seychelles, South Africa, Tanzania, Zambia, and Zimbabwe. In terms of geographic ex-
tension, it covers an area of almost 10 million km2 [10]. Figure 1 depicts the geographic
distribution of SADC member states. SADC has been committed to regional integration
and the eradication of poverty in Southern Africa through economic development, as well
as ensuring peace and security [11]. Additionally, as the region industrializes on its way
to better development, the energy demand is expected to increase dramatically. There-
fore, the electricity sector in the region is a key component in driving regional integration
and economic growth, with energy security being increasingly important for continued
development across the region [12].
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Figure 1. Geographic distribution of SADC member states.

However, for most SADC Member States, electricity access remains a key policy
problem, with the global average access to electricity being around 54% in 2019, achieving
only a slight increase compared to the average of 48% in 2015 [9]. SADC needs to face the
low electrification in several member states, since electricity access rates are less than 15%
in Malawi and DRC, although some member states, such as Mauritius, Seychelles, South
Africa, and Eswatini have electrification rates above 90%, as presented in Figure 2.
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In terms of electricity consumption per capita, the region has numerous inequalities, as
Figure 3 presents. Seychelles and South Africa have an electricity consumption of more than
4 MWh/cap, while countries such as Comoros, Madagascar, DRC, Malawi, and Tanzania
show very low values of electricity consumption per capita, ranging between 60 kWh/cap,
and 150 kWh/cap.
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In 2017, the percentage of the population living in rural areas in SADC member states
was 54%, of which only 32% had access to electricity [9]. The low electrification rate and
low per capita consumption in many SADC countries, especially in rural areas, should be
a strong motivation for member states to increase the adoption of distributed generation
systems using mainly renewable energy technologies to improve access to electricity for
rural populations and communities in low-income and peri-urban areas. It is important to
note, that electricity supply for all, especially in developing countries such as those in SSA,
is likely to be achieved through decentralized systems, led by solar photovoltaic (PV) in
off-grid and mini-grid systems [15], although grid extension will play an important role,
especially in urban and suburban areas.

Some member states, to accelerate energy access for a higher share of the population,
are continuing to exploit mainly non-renewable energy sources, particularly coal. This is
the case in South Africa, Botswana, and Zimbabwe, which presented a large share of coal
in their national generation mix (i.e., 89%, 97%, and 48%, respectively, in 2017) [16]. In the
same year, in the overall context of SADC, coal represented more than 62% of the installed
capacity [17]. Many countries argue that to deal with heavy electricity consumption by the



Energies 2022, 15, 7860 5 of 28

industrial sector and low electrification rate, renewable energy sources are not enough. As a
consequence, several member state institutions continue to support and fund coal projects,
leading to an industrialization policy mostly dependent on coal and hydro energy sources.

Renewable energy sources, such as hydro, solar, wind, biomass, ocean, and geothermal
energy are abundant in SADC. The region presents a hydropower potential of 40,874 MW,
and solar radiation of more than 2500 h per year, implying a generation capacity of
20,000 TWh/year [9]. Wind resources are mainly concentrated in coastal areas, with a
potential of about 800 TWh/year. The large potential of biomass, based on agricultural
waste, is estimated at 9400 MW and locations, such as the Rift Valley in Tanzania, Malawi,
and Mozambique, have significant potential for geothermal energy that can be tapped and
is estimated at 4 GW [9]. However, despite having a large domestic renewable energy
potential, the share of non-hydro renewable energy sources in the generation mix is still
very low in SADC.

Currently, hydropower is the main renewable energy source in most member states,
including Angola (63%), the Democratic Republic of Congo (99%), Lesotho (100%), Malawi
(90%), Mozambique (82%), Namibia (97%), and Zambia (85%) [18]. Nevertheless, most
member states are leading the way in investing in large and small hydropower projects
to harness the enormous potential of hydropower [15]. This is because hydropower has
traditionally been the cheapest renewable energy source in the SADC region with a life
cycle that is very long. However, the current dependence of the power sector of the above-
mentioned countries on hydropower may jeopardize the reliability of the power system,
especially during drought periods. Indeed, the main drawback is that rainfall patterns in
the SADC region are becoming increasingly unpredictable, due to climate change [19].

For SADC member states, rural electrification corresponds to an important issue
of the development programs in the region, and, therefore, the option of distributed
generation and mini-grids and/or household solar systems and other mini- and micro-scale
technologies are being considered as part of their rural electrification plans. This trend has
been strongly pushed as national utilities face significant financial constraints that hinder
their ability to meet government targets for energy access and grid expansion. SADC has,
since 2015, experienced a remarkable maturing of the renewable energy market. This is
the result of the vision of some member states to make renewable sources a normal part of
generation capacity planning and to implement measures to integrate these technologies
into their overall energy supply systems [9].

2.1. Regional Power System Integration

To enable economic growth and community development, SADC member states
realized that regional integration, cooperation, and coordination, particularly for the power
sector, would bring clear benefits [10]. Therefore, the regional electricity trade has become
a top priority for the SADC [20]. The disparities in energy resources and consumption, and
the low electrification rate among member states, strongly justify power sector integration
and promotion of regional energy trade. Since each country exploits its own resources to
generate electricity, some are not able to meet their own demand due to the high generation
cost, while other nations became self-sufficient using non-sustainable energy resources,
as is the case of South Africa. The interconnection of power grids and the exchange of
energy contribute to minimizing the total operational costs of supplying the customer due
to the optimization of energy resources available in different countries [21]. In addition,
other benefits can be highlighted as power utilities support each other in emergencies, thus
increasing the reliability of the power system.

In August 1995, at the SADC summit held in Kempton Park, South Africa, the Southern
African Power Pool (SAPP) was created in order to promote the exploitation of energy
resources, and consequent regional integration [22]. SAPP establishes the cooperation of
the various national power utilities in SADC member states, creating an interconnected
power transmission network [20], and developing a common electricity market within
the region. The objective was to “provide a forum for the development of a world-class,
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robust, safe, efficient, reliable and stable interconnected electrical system in the Southern
African region” [18] and the sharing of operating reserves [23]. Thus, SAPP ensures that
there is a cooperation platform for power generation and supply solutions throughout
the coordinated planning and operation of the regional power system, which consists of
international generators and interconnectors [24].

Currently, only twelve (12) national power utilities are part of SAPP, namely RNT from
Angola, BPC from Botswana, SNEL from DR of Congo, LEC from Lesotho, ESCOM from
Malawi, EDM from Mozambique, NAMPOWER from Namibia, ESKOM from South Africa,
TANESCO from Tanzania, ZESCO from Zambia, and ZESA from Zimbabwe. However,
Angola, Tanzania, and Malawi are not yet interconnected to the SAPP grid. Figure 4
presents the SAPP interconnected power grid map, as well as ongoing projects, specifically
the interconnection of Angola with Namibia and the DRC, and the interconnection of
Tanzania and Zambia, as well as the interconnection of Malawi and Mozambique.
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2.2. Southern African Power Pool Energy Overview

The total SAPP installed generation capacity in 2021 was 80923 MW [18], with an
increase of 24923 MW in the last 10 years [25], which represented an annual increase of
4.4%. However, the SAPP is dominated by the state-owned utility of South Africa, Eskom,
with 75% of all of SAPP’s installed power capacity. South Africa is, by far, the greatest
exporter of electricity of SAPP [25], with 4169 GWh (69.1%) of all net exports in the period
2020/2021, followed by Zambia with 1223 GWh (20.2%), Zimbabwe with 355 GWh (5.8%)
and Mozambique with 280 GWh (4.6%), while Namibia imported 1756 GWh to meet the
domestic demand [18].

Whereas most countries rely on hydro resources, thermal power, specifically coal, is
ESKOM’s main source of energy supply. Coal still represents the greatest part of the SAPP
generation mix with 59%, followed by hydropower with 24%, crude oil derivatives (like
diesel fuels and fuel oils), solar PV with 4%, and nuclear and wind power with 3%, while
the share of biomass is practically insignificant. Figure 5 presents the share of the installed
capacity mix by generation technology in all 12 SAPP member states.
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For the reference year, SAPP had an operating capacity of 65 GW against a peak
demand of 55 GW and total energy consumption of 313 TWh [18]. Four (4) member
states showed capacity surplus, namely Angola, DRC, Mozambique, and South Africa,
representing respectively 21.9%, 10.6%, 4.03%, and 79.88% of the total capacity, while others,
due to capacity shortfall, relied on imports to satisfy their growing demand [26]. Therefore,
as Angola is not yet interconnected to the SAPP grid, this resulted in 2190 MW not being
accessed by other members. Table 1 presents an overall energy statistic for 2021 to SAPP
member states. It is important to note that, although the installed capacity of SAPP is
81 GW, only the operating capacity is considered.

Table 1. Southern African Power Pool energy statistics (2021). Data from [18].

Country Utility
Installed
Capacity

(MW)

Operating
Capacity

(MW)

Peak Demand
(MW) Generation(GWh) Imports

(GWh)
Exports
(GWh)

Domestic
Demand
(GWh)

Angola RNT 5878 4877 2687 9507 0.00 0.00 9507
Botswana BPC 892 322 675 4203 312 0.00 4515

DRC SNEL 2880 2770 1705 8639 0.00 0.00 8639
Eswatini EEC 71 65 259 197 841 0.00 1038
Lesotho LEC 74 70 173 332 294 0.73 625.3
Malawi ESCOM 506 330 380 2053 0.00 0.00 2053

Mozambique EDM 2796 2642 2240 16,636 68.2 280 16,424
Namibia NamPower 624 389.5 695 2672 1756 0.00 4428

South Africa ESKOM 60,326 48,215 40,256 233,503 2.94 4169 229,337
Tanzania TANESCO 1565 1382 1382 6934 0.00 0.00 6934
Zambia ZESCO 2891 2736 2887 14,654 656.6 1223 14,087

Zimbabwe ZESA 2412 1400 1896 8513 1178 355 9336
SAPP 80,923 65,198 55,235 307,843 5109 6028 306,923

Total Interconnected 72,966 58,609 50,786 289,349 5109 6028 288,429

In 2020, 2781 MW of new generation capacity was commissioned from projects by both
national utilities and Independent Power Producers (IPPs). IPPs contributed 90 MW, equiv-
alent to 3% of new generation capacity [18]. Table 2 presents the projects commissioned by
type of generation source, with a predominance of coal, representing 56%, followed by gas
projects in Angola, Botswana, and Tanzania, representing 22%.
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Table 2. Generation projects commissioned in the region in 2020. Data from [18].

Utility Country Name Type Capacity (MW)

RNT Angola Lauca Hydro 65
RNT Angola Soyo Gas 375
BPC Botswana Mini-grids Solar PV 10
BPC Botswana Morupule A Coal 100

SNEL DRC Busanga Hydro 240
SNEL DRC Nzilo Hydro 120

IPP Malawi IPP Gas Gas 60
IPP Mozambique Metoro Solar PV 40

NamPower Namibia Solar Solar PV 37
ESKOM South Africa Kusile Coal 723
ESKOM South Africa Medupi Coal 723

TANESCO Tanzania Kinyerezi II Gas 185
ZESCO Zambia Lusiwasi Upper Hydro 86
ZESCO Zambia Chishimba Hydro 15
LHPC Zambia LHPC Hydro 12
SAPP 2781

SAPP is committed to the global objective of reducing its carbon footprint by investing
more in renewable energy generation [18]. However, as presented in Figure 6, coal-fired
power plants still ensure the majority of new generation capacity. This is mainly because
South Africa continues to invest in coal-fired power plants, making this transition an
increasing challenge, as it represents the country with the highest percentage of energy
generation, consumption, and exports. On the other hand, the share of new non-hydro
renewable energy is insignificant, with only 3% of Solar PV.
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Continued use of, and dependency on, the use of fossil fuels will not address energy
poverty in the SADC region [27]. On the contrary, it is expected to have an increasingly
negative impact on human health, fauna, and flora, due to the increase in GHG emissions. In
order to meet current and future energy demand, it is necessary to consider a more holistic
approach, aiming at the strategic development of climate-resilient infrastructure, so that
the potential of renewable energy is taken advantage of, promoting energy efficiency [18].

Although the region represents a small percentage of global GHG emissions, electricity
generation by coal thermal power plants poses a high health risk and increases the emissions
in the region [1]. Table 3 presents the overall CO2 emission for SAPP member states,
including all energy sectors, and it is possible to observe the impact of the emissions from
South Africa, which is considered one of the largest GHG emitters, ranking 13th in the
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world in 2020 [28]. Angola represents the second most polluting country, although it has a
generation mix composed of 63% hydropower.

Table 3. CO2 emissions in the SAPP member states in 2020. Data from [28].

Country CO2 Emissions (MT/Year) CO2 Emissions Per Capita
(T/Year)

Angola 22.51 0.69
Botswana 7.05 2.92

DRC 3.23 0.04
Eswatini 1.46 1.02
Lesotho 0.65 0.28
Malawi 1.38 0.07

Mozambique 9.94 0.31
Namibia 4.01 1.49

South Africa 435.13 7.41
Tanzania 1.46 0.18
Zambia 7.5 0.4

Zimbabwe 11.56 0.65
SAPP 476.32 15.46

The reduction of GHG emissions is fundamental to ensuring sustainability, and to this
end, every effort should be made to guarantee carbon neutrality [29]. To meet the objective
of the Paris Agreement of keeping global warming well below 2 ◦C, this needs to happen
shortly after the mid-century [29] and many countries around the world have committed
to reducing the amount of GHG emissions [30]. Since the carbon pathway of a country’s
power system has a strong impact on the country’s ability to meet deep emission reduction
targets [31], it is important to increase the amount of RES in the energy system and shift
power generation to renewable technologies to directly avoid GHG emissions [29,30,32,33].
Moreover, this can contribute to the sustainable development of the economy, providing
environmental, social, and economic benefits enabling considerable improvement of public
health, and leading to a sustainable society [31,34].

SADC, to promote the development and integration of RES in the power systems of
the member states, as well as to reduce the region’s carbon footprint, defined the Renewable
Energy and Energy Efficiency Strategy and Action Plan (REEESAP) for the horizon 2016–
2030 [19]. This is, in practice, a long-term vision for the achievement of clean, sustainable,
sufficient, reliable, modern and affordable energy by intensifying the exploitation of clean
and sustainable energy sources and the application of energy efficiency in energy systems.
REEESAP is a regional framework that aims to support member states in developing their
national strategies for implementing renewable energies, energy efficiency, and action
plans, in order to accelerate the energy transition in the region.

To meet the targets of REEESAP, SADC established, in 2015, the Center for Renewable
Energy and Energy Efficiency (SACREEE) to work with member states and related institu-
tions in the energy sector at the national level. This aims to contribute to increased access
to modern energy services and improved energy security across the region by promoting
energy markets with RES and energy efficiency technologies and services. Herewith, it is
intended to guarantee that member states, during the planning process of new generation
plants, take into consideration the integration of RES into their power systems.

3. Renewable Sources in Generation Expansion Planning

The transition to a low- or zero-carbon economy is strongly related to the integration of
RES into GEP [29]. GEP is a process that aims to reach an optimal generation mix, by deter-
mining the time, location, size, and type of different candidate generating facilities/sources
to meet the future load demand, guaranteeing that the power system stays reliable [35,36],
within a security requirement over a planning horizon of typically 10–30 years [37]. This is
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one of the most discussed topics within academia and among decision-makers and plays a
critical role in the power sector and sustainable energy development [31,35,38].

GEP initially tackled the needs of centralized power systems, with vertically integrated
state-owned electric utilities having a monopoly in the generation, transmission, distribu-
tion, and retail sectors. Traditionally, it aimed at minimizing costs, whether of installation,
operation, or maintenance, becoming a mono-objective problem. However, the liberal-
ization of electricity markets, as well as technological developments, have led to a rapid
transformation of power systems and electricity markets [38]. In addition, with the increase
of climate change concerns, aiming to reduce GHG emissions from the power sector, the
integration of RES into power systems has been considered, due not only to the growing
environmental concerns, but also due to economic reasons, given the quick reduction of the
levelized cost of energy (LCOE) of some renewable technologies, like wind and solar pho-
tovoltaic power [31,39,40]. This turns the GEP into a multi-objective problem with several
aspects to be evaluated, for instance, economic, technical, and environmental issues.

The literature presents several models that have been used to determine the GEP. These
are identified as Mixed-Integer Nonlinear Programming (MINLP) [37,41], Mixed Integer
Linear Programming (MILP) [42–45], Multi-Objective Linear Programming (MO-LP) [46–48]
and Multi-Objective Mixed Integer Linear Programming (MO-MILP) [34–37]. Studies
by [47] and [48] present MO-LP, while [49] presents MO-MILP. Both formulations were
used to assess renewable energy penetration into GEP. However, the integration of RES
presents challenges to be overcome, since most of these sources rely on external weather
conditions (hydropower, wind, and solar photovoltaics), being designated as Intermittency
Renewable Energies Sources (IRES). Such intermittency represents the main limitation
for integration into the electrical grid in many countries [40,50–53], since such generation
fluctuates in time and space following its driving climate variables, mostly precipitation,
wind speed, solar radiation, and temperature. Therefore, IRES does not offer the same
services as conventional generators and, as a consequence, high IRES penetration levels
in the energy sector, if not carefully anticipated, could hinder power system management,
and strongly increase the power supply costs [32]. Additionally, there are concerns about
the capacity of some grids to cope with IRES [33], and some utilities and grid operators
often argue that today’s power systems cannot accommodate significant variable wind and
solar supplies [40], without affecting supply reliability and power quality [54].

In addition to its variability characteristics, it is also difficult to control, or easily adjust,
the power generation output, mainly for wind and solar photovoltaics, making these
highly non-dispatchable sources of energy and causing operational uncertainty, due to the
mismatch between demand and generation [34,35,53,55]. As RES penetration has increased
rapidly in recent years, power system flexibility, ramping capability, and sufficient reserves
are urgently required to deal with the inherent intermittency and uncertainty of RES [29,35].
In a scenario where intermittent renewables are widely deployed, the power system must
have adequate means to compensate for the effects of variability and unpredictability in
the availability of wind and solar power [54]. This is necessary to plan for a long-term,
sustainable, future power generation system, especially for developing countries, since
access to electricity has not yet reached the entire population [56].

Some approaches, technologies, and strategies to compensate for the effects caused
by the variability and unpredictability of IRES on a large scale can be found, namely
in [57,58], such as the following: operating reserve, interconnection with other grids,
complementarity between renewable sources, demand-side management (DSM), energy
storage (i.e., batteries, hydrogen, flywheels, pumped hydro storage, electricity-to-thermal,
power-to-gas and vehicle-to-grid), supply-side flexibility, and infrastructure (i.e., super-
grids, smart grids, microgrids and smoothing effects of spatial power distribution).

3.1. Complementarity between Renewable Energy Sources

Although the IRES technologies are already implemented in most power systems
(with different levels of penetration), traditionally, the compensation of the effects caused
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by intermittency and uncertainty has been mainly ensured through hydropower reservoirs
in countries with high potential for hydropower [59]. Over the decades, hydropower has
been the major contributor to renewable energy and the cheapest option for renewable
power generation [59,60], currently representing more than 50% of all renewable electricity
worldwide [61]. However, most of the locations with the highest potential around the
world are being explored [62], and the construction of large hydropower plants is a slow
process with relevant environmental and social impacts. Therefore, due to the increase in
environmental restrictions, there has been a reduction in the construction of hydropower
projects [47].

Additionally, the use of hydropower is conditioned by the geographical topology,
as well as by climatic factors, since the annual rainfall cycle forces the system to store
water during the wet period to be used in the dry season, to guarantee stability in the
generation of energy [59,62]. Extreme climatic events, due to climate change, such as
droughts, are more likely to occur in the coming years and will be responsible for reducing
the flow of rivers, compromising more than half of hydropower generation, and decreasing
the reliability of the energy systems based on hydropower [47,57]. This loss of output,
due to the drying climate, could shift generation to fossil fuels, making it more difficult
for developing countries like southern African countries to meet their climate change
mitigation commitments under the Paris Agreement to the United Nations Framework
Convention on Climate Change (UNFCCC) [12].

The focus on wind and photovoltaic solar power has been followed by many coun-
tries, leading to recent RES additions [63]. However, the increasing participation of IRES
requires greater flexibility in the power system, which will not be achieved with the use of
hydropower only [57,64]. Therefore, it is essential to take advantage of the complementarity
between different options of RES and the integration of dispatchable technologies, such as
biomass and geothermal. Complementarity is defined as the ability of a spatial–temporal
distributed mix of generation resources to enable better electricity supply conditions, re-
ducing operational challenges and the need to add enabling technologies, due to improved
matching of outputs to demand profiles [65]. This concept is also defined in [66] as the
ability of two or more energy sources to work together, complementing generation, and
improving energy performance.

Complementarity is one effective way to reduce the energy storage requirements in
hydropower reservoirs [40], as well as to guarantee power-system flexibility [67], increasing
the balance between energy generation and demand [40], and smoothing the effect of the
variable renewable resource output [65,68,69]. By evaluating the complementarity between
multiple RES and determining the best combination of RES, the impact of the variability
from each RES can be mitigated [70]. Since different power supply technologies have
different operational characteristics that could complement each other, the deployment
of renewable technologies cannot be planned in isolation from the rest of the power
system, but rather needs to be looked at from the perspective of their integration into
the system [60]. By combining generation systems with minimum and maximum power at
different periods, the variability of power generation is reduced [71]. There is potential for
energy sources to complement each other on a temporal, spatial, or spatio–temporal scale,
thereby ensuring supply reliability and minimizing fluctuations or shortages in power
output. This improves the efficiency and reliability of the energy supply and reduces the
need for energy storage [72].

Complementarity is commonly expressed in terms of a correlation coefficient [73],
Pearson’s correlation coefficient being the most widely used and accepted method to in-
vestigate and quantify the degree of correlation between pairs of RES variables [71–75].
The Person’s correlation coefficient measures the association strength between two specific
energy generation options, with values ranging from −1 to +1 [71,75,76]. A negative value
implies anti-correlation between variables, meaning that when the value of one increases
the other decreases, and vice-versa. This characteristic is the most important characteristic
when it comes to complementarity. On the other hand, a positive value implies a correlation
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between variables and a zero value implies that no association exists between the two
variables. The literature presents several studies where the complementarity between
RES was applied. Many of these studies are related to assessing the complementarity
between solar and wind energy [34,65–67,69], solar and run-of-the-river energy [40], hy-
dropower and offshore wind power [59], solar, wind and tidal [77], and wind, solar and
hydropower [69,70,73–75]. There are also assessments of complementarity between regions,
for instance in Brazil [57], Colombia [74] and Latin America [75].

3.2. Feasibility of 100% Renewable Power Systems

A methodology is presented in [59] to introduce the complementarity between RES
into the GEP to ensure the demand in 2050 is met with 100% RES addressing the possibility
of complementing the hydro system with offshore wind power in the Brazilian case. An
objective function is proposed to optimize the solar, wind, biomass, and hydropower mix,
without loss-of-load or curtailment of intermittent technology, and optimize the water flow
of hydropower reservoirs, considering daily and yearly variations.

A multi-objective method for optimizing the renewable energy mix by maximizing the
contribution of renewable energy to the peak load and minimizing the combined intermit-
tence at the minimum cost is proposed in [54]. This model was applied in the Portuguese
context to optimize the complementarity between renewable energy sources, instead of
only using one renewable energy source. The greatest load-loss concern associated with the
large-scale integration of wind, water, and solar energy (WWS), due to its variability and
uncertainty, is addressed. A new grid integration model was used in [39] to find low-cost,
no-load-loss, nonunique solutions to the problem of electrification of all energy sectors in
the United States, considering also pumped hydropower, hydrogen, and demand response,
and without considering fossil fuels. As a result, from 2050 to 2055, the social cost of a
reliable 100% WWS system should be much lower than the cost associated with the use of
fossil fuels.

The question of the complementarity between hydropower based on run-of-the-river
generation of small rivers (with less than 1000 km2) and solar energy for a scenario of 100%
renewable energy supply was considered in a region of Northern Italy in [40]. The potential
value of complementarities of wind–solar resources to California’s power grid was assessed
in [34]. The study was performed using one-year hourly demand data, together with the
hourly-simulated output of various solar and wind technologies distributed throughout
the state.

With support policy, Ukraine could reach a 100% renewable power system by 2050,
according to [64], deploying solar, wind, water, biomass, and geothermal resources. A
long-term planning model dedicated to the French power system was used by [32] to
explore different levels of RES penetration, adding new technologies (ocean energy, energy
storage, new interconnections, and demand-response). An hourly simulation of future
electricity generation based on wind, solar and tidal data, to assess the feasibility of a 100%
renewable energy system in Japan, was conducted in [30], to ensure that electricity demand
in the year 2030 can be met.

The high-resolution energy system model REMix was applied in Brazil in [33] so as to
analyze the least-cost composition and operation of a fully renewable power supply system.
The results revealed that the expansion of wind and solar power was more cost-efficient
than the construction of additional hydropower plants and indicated that a completely
renewable power system in Brazil would not lead to a significant increase in costs, despite
the additional transmission and generation capacity. For the same country, [47] presented a
multi-objective model for GEP with a high share of RES, promoting the use of non-hydro
RES. The results showed that, to meet the government’s goals and the peak demand, solar
power was the main non-hydro renewable source to ensure expansion, since its daily curve
coincided with the peak load period. To ensure 100% RES scenarios in the Brazil context,
a non-linear multi-objective problem for power generation expansion planning was pro-
posed, that maximizes complementarity and minimizes total expansion costs, with battery
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storage integration, complementarity between sources and regions, DSM, hydropower
storage requirements and spatial technology distribution with hourly resolution [78]. The
methodology was able to guarantee that three consecutive years of extreme drought in
2050 could be encountered without the need for new large reservoirs.

A multi-objective framework for finding optimal storage and a renewable generation
mix for the Chilean power system for the year 2050 was developed, considering three
optimization criteria for a 100% renewable power supply, specifically: minimizing invest-
ment and operational costs of the power system, environmentally friendly operation of
hydropower reservoirs, and minimizing additional transmission systems [29]. A feasible
transition strategy is presented to achieve 100% renewable energy considering all German
energy sectors in [79]. Such a study demonstrated that it is possible to transition the
German energy system to a 100% renewable energy supply within sustainable domestic
renewable resources, and simultaneously keep costs at an acceptable level, similar to the
energy system costs of a 2050 reference system. Seven scenarios were modeled in [80] for a
100% renewable European power system in 2050 that could operate with the same level
of system adequacy as the current power system, even when relying only on domestic
European sources in the most challenging weather.

3.3. Power Management Strategies for Systems with Renewable Energy Sources Penetration

The penetration of RES is an increasingly growing topic, but due to the intermittent
behavior of the main renewable sources, namely hydro, solar, and wind power, whether
off-grid or on-grid, power systems need to face especial requirements. Therefore, in cases
of high penetration of these sources, management strategies must be adopted in order to
deal with the deficits and surpluses of generated power. In the literature, some strategies
have been pointed out to minimize the impacts of RES penetration into power systems.

For instance, an energy management strategy in a hybrid wind/solar/fuel cell plant is
proposed, using a self-made simulation tool developed in MATLAB/Simulink, in [81]. The
objective was to improve some very simplified models that are used by HOMER to avoid
unfair results and erroneous conclusions. In other work, a two-stage energy management
strategy was developed for networked microgrids under the presence of highly renewable
resources [82]. The proposed method, according to the presented results, could identify
optimal scaling results, reduce operational costs of risk aversion, and mitigate the impact
of uncertainties. A day-ahead optimal energy management strategy for the economic
operation of industrial microgrids with high-penetration renewables under both isolated
and grid-connected operation modes was also proposed in [83]. Such an approach is based
on a regrouping particle swarm optimization, formulated over a day-ahead scheduling
horizon with one hour time steps, and considering forecasted renewable energy generations
and electrical load demands.

The advantages and disadvantages of three main strategies were also assessed [84],
which included storing the surplus generation by electrical storage, converting it to hy-
drogen, or injecting it into the main grid. A new Real-Time Hierarchical Congestion
Management technique was also proposed that reschedules generators in two stages, based
on the Available Congestion Clearing Time of the transmission lines in the presence of
renewable energy sources [85]. Chaotic Darwinian Particle Swarm Optimization was also
used for determining the optimal schedules of demand response loads and rescheduling
conventional generators to mitigate congestion. The solar and wind energy sources were
modeled using Rayleigh and Beta probability density functions.

A novel demand response integrated day-ahead energy management framework sub-
jected to remote off-grid power systems is presented in [86]. The results demonstrated that
for an isolated remote community in Northern Canada, for both summer and winter sea-
sons, it was possible to achieve the intended objectives of day-ahead energy management.
A different work, [87], proposed a management system for a future household equipped
with controllable electric loads and an electric vehicle equipped with a PV–Wind–Battery
hybrid renewable system connected to the national grid. The proposed management sys-
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tem was based on a linear programming model with non-linear constraints solved with
MATLAB toolboxes. The simulation was based on a database of meteorological conditions
resulting from TRNSYS and processed to achieve a frequency of one hour.

Uncertain behaviors are also considered in several studies. For instance, a novel rein-
forcement learning approach to the management of a microgrid incorporating the uncertain
behavior of electric vehicles and renewable energy sources was developed in [88]. In order
to predict the output power of the renewable energy sources of wind units and solar panels,
the proposed approach used a Q-learning technique, which enhanced the prediction of
conventional models, such as neural networks. A new management methodology to find
the optimum operation of a grid-connected microgrid, which was modeled as an optimiza-
tion approach and aimed to minimize total cost was presented in [89]. The uncertainties
in renewable energy-based distributed generation units, including wind turbines and PV
panels, were also considered in this study. The simulation results demonstrated that the
proposed methodology could supply all required electricity and simultaneously optimize
power transactions between the microgrid and the main grid.

4. Power Systems Planning in the Sub-Saharan Context
4.1. Generation Expansion Planning

In the literature, several studies have already addressed the issue of GEP. Some have
models to optimize energy generation, using energy storage, both through batteries and
hydro reservoirs. Other studies consider a power system 100% based on RES, through
resource optimization, and applying complementarity between the RES and regions. How-
ever, such models are focused on countries with a high electrification rate and are not
suitable for most developing countries, where electrification rate remains very low and
there is limited electrical infrastructure. For most developing countries, these models need
to be adapted, as access to electricity is still a challenge, mainly in rural communities, being
directly related to poverty levels. The adoption of long-term GEP in developing countries
changes the problem in many fundamental ways compared to traditional formulations.

The following three crucial aspects that characterize the problems of long-term energy
planning in developing countries have not been addressed in the actual GEP literature [7]:
(1) the presence of substantial planned suppressed demand due to insufficient initial power
infrastructure, as evidenced by electrification rates below 100%; (2) the challenge of dealing
with highly unequal access to electricity on a sub-national level; (3) the importance of inte-
grating on-grid and off-grid electrification options into an expansion planning optimization
model. Off-grid solutions have been found to be cheap electrification alternatives in many
developing countries and, thus, need to be part of an integrated planning approach [79].

Access to clean and reliable electricity services is a prerequisite for sustainable de-
velopment and an important factor to promote, among other things, economic activities,
poverty reduction, health, education, and gender equality [90,91]. Electricity plays an
important role in modern society, and the lack of this resource has become a major barrier
to the development of most SSA countries. In order to deal with the problem of the low
electrification rate in SSA countries, [7] presents a long-term, spatially explicit MO-MILP
energy planning model to expand the long-term GEP suitable for developing countries
with limited initial electricity infrastructure. The model was applied to the case of the
Ugandan national power system and the achieved results showed that, in contrast to the
government’s focus on grid extension, which would imply sub-national electrification
inequality, widespread electrification equality could be cost-optimal if off-grid options
were considered. Therefore, although the study considered the integration of decentral-
ized solutions for rural electrification, the large-scale integration of renewable into power
systems and strategies, such as complementarity between renewable energy sources, was
not addressed.

The Open Source Spatial Electrification Tool (OnSSET) was applied to two ECOWAS
countries, Burkina Faso, and Côte d’Ivoire [92], to determine the optimal combination
of grid-connected and off-grid systems to serve rural and urban demand by 2030, using
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high-resolution data by geospatial information systems (GIS), highlighting the fundamental
role of off-grid solar photovoltaics and wind technologies in bridging the electricity access
gap, particularly in Burkina Faso. Least-cost electrification strategies were provided on a
country-by-country basis for SSA using a GIS, i.e., datasets derived from satellite imagery
and from a plethora of existing maps to fill data gaps coupled with OnSSET in [90]. In
both studies, the electrification options included grid expansion, micro-grids, and stand-
alone systems in rural, suburban, and urban contexts across the economy, becoming a
powerful tool to design effective electrification strategies in developing countries. The
results showed that, in the case of low electricity demand (rural areas), there is a strong
penetration of stand-alone technologies, while in areas with higher demand the cheap
electrification options shift from stand-alone systems to micro- and mini-grids, as well as
to grid extensions.

Likewise, with the objective to find the least-cost electricity solutions for SSA, the area
was subdivided into 16 sub-regions, hourly resolved, and based on 100% RES in [91]. A
detailed least-cost optimization model was developed to estimate the additional cost of
power generation and provide grid access for households that currently do not have elec-
tricity and to inform decision-makers and other stakeholders of the true costs of providing
electricity in SSA in [3]. A geo-referenced LCOE model was used in [93] to reach 100%
electricity access in Burkina Faso to provide power to more people quickly by mini-grids,
instead of the national policy for electrification through grid extension and the government
subsidizing fossil fuel electricity production.

The indicative power plant investment plan was assessed in [94] regarding forty-seven
African countries, based on the power transaction potential. Using OSeMOSYS (a cost
optimization tool for long-term energy planning) a cost-effective system configuration was
developed. A comparison of the scenario before 2040 with the establishment of the TEMBA
(Electrical Model Bank of Africa) business relationship shows that an improved grid could
change the power generation mix in Africa and reduce the cost of power generation. The
possibility of using hybrid systems was investigated in Nigeria [95], considering PV/Diesel
with or without batteries. The results showed that the LCOE value for PV/Diesel was
lower than for a diesel-only system. The same approach was applied in Burkina Faso, [96],
to ensure electricity access to rural areas. Renewable off-grid systems, mainly using solar
photovoltaic generation (solar systems for private households and small grids), could
provide technically feasible and economical solutions to the energy problem, mainly when
the cost of expanding the grid is not profitable [91].

In order to study the long-term planning of power generation capacity in developing
countries, a new multi-period stochastic optimization model was proposed and used in
Ghana [97]. The results showed that for most rural areas, single-grid and micro-grid
are the cheapest options and could be used as a temporary solution until the extension
of the power grid. A multi-step integer linear programming method was proposed for
South-Eastern Nigeria in [98], to design a renewable energy network based on hybrid solar
and wind power plants that would take advantage of energy resource availability and
demographical conditions.

It can be concluded from the literature that, to improve electricity access over SSA, it is
essential to consider off-grid solutions based on RES. The traditional method of electrifying
SSA by expanding the grid has not contributed to the eradication of energy poverty in rural
areas. To do so, the selection of technologies for rural electrification must consider socio-
economic feasibility, geographical potential, and compatibility of renewable technology
options. In addition, spatial analysis and feasibility studies help determine the most
cost-effective electrification options for remote areas. Renewable energy, especially solar
photovoltaic energy, can be used to improve services, due to its decentralization, playing
an important role in promoting rural electrification [91].
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4.2. Renewable Energies in SADC Power Systems

Over SADC member states, studies have been conducted to enhance the exploitation
of RES and their integration into the power system. Table 4 presents a compilation of
some studies found in the literature, which consider the application of RES, either through
grid integration or through off-grid systems. From the literature, several methodologies
have been applied, such as minimization of LCOE, Weather Research and Forecasting
model (WRF), Political, Economic, Social, Technological, Legal and Environmental criteria
(PESTLE), as well as software like Hybrid Optimization Model for multiple energy resources
(HOMER), Long-range Energy Alternative and Planning System (LEAP), EnergyPLAN,
GIS, ArcGIS, etc. Yet, some studies conducted research based on government documents.
SADC member states have an enormous potential for RES in its various sources and the
results of the studies demonstrate that their proper exploitation could, in the long term,
increase the electrification rates in rural areas, reduce CO2 emissions and, consequently,
reduce dependence on imports by some countries to meet growing demand.

Table 4. Renewables energies overview in SADC member states.

Country Reference Method Work Description and Main Findings

Angola

[99] HOMER software

The authors evaluated the renewable solar and wind potential for power
generation, proposing the implementation of an autonomous solar and

wind system to electrify rural areas. The results revealed a reliable
method for increasing access to electricity.

[100] LEAP software

Presented four scenarios to horizon 2020–2040 in order to guarantee
energy mix diversification, and minimization of GHG and costs

(considering electricity generation and carbon costs). The conclusions
indicated a considerable reduction in generation by diesel in 2040.

Botswana [101] LEAP software

Five scenarios were designed to examine plausible pathways and to find
the cost-optimal energy mix for the power sector in the horizon of

2015–2030. The results identified solar PV as the most viable option to
replace a considerable share of coal in the future energy mix.

Comoros

[102] HOMER software
Designed a hybrid system using diesel generators and PV systems to
improve rural electrification. The results were satisfactory in terms of

cost, reliability of the system and reduction of GHG emissions.

[103] HOMER software

A hybrid microgrid, using PV panels, a wind turbine, an electrolyzer, a
fuel cell, and a storage tank for hydrogen, was presented. The results

showed that the micro-grid PV-wind-H2 was an appropriate solution for
autonomous applications.

Eswatini [104] Daily weather
measurements

Conducted a study to investigate the potential of renewable energies,
specifically solar PV, wind and hydro. The results showed that solar

power could be utilized, in conjunction with hydropower, to mitigate the
crisis of importing most of the power supply in the country of Eswatini.

Lesotho

[105] PLEXOS software

Produced an integrated electricity expansion plan for Lesotho to
determine the generation capacity mix on the horizon of 2015–2050 with
a focus on the security of supply at the national level. As a result, large
hydro and solar PV represented the least cost options to integrate the

mix, while pumped hydro would be used to meet peak demand.

[106] WRF

Applied Weather Research and Forecasting (WRF) to provide an
estimation of the photovoltaic and wind energy potential for Lesotho

and assessed the complementarity of these resources. The results
provided a picture of the potential of wind and PV electricity generation

over Lesotho to 2015 as a reference year.

[107] WebGIS software

A hydrological map, a wind atlas and a solar radiation map were
produced in this study in order to assist the Government in the planning

and development of renewable energy exploitation. The results of the
project confirmed the high potential of Lesotho in terms of RES.
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Table 4. Cont.

Country Reference Method Work Description and Main Findings

Madagascar

[108] Energy sector review

Presented a detailed overview of the energy sector situation in the whole
country, highlighting the high potential of RES on the territory.

Hydropower, wind and solar energies appeared as the main RES that
could strongly and widely ensure power generation in the country for

the future.

[109] Energy sector review A review of the biomass potential was presented to support energy
demand in Madagascar to about 80% of the total energy supply.

Malawi

[110] Literature review and
Government reports

The study assessed the generation potential of small-scale hydropower
systems for decentralized generation systems, which, if fully exploited,
could contribute to the country’s electricity and power supply, especially

for rural electrification.

[111] PESTLE

Using the PESTLE framework, it presented an overview of the Malawi
energy situation and the potential of renewable energy resources,

including solar, wind, biomass, hydro and geothermal. The results
showed that solar, biomass and hydropower were the most certain

renewable energy resources that could contribute significantly to the
energy supply of the country.

Mauritius [112] LCOE

Using the minimization of LCOE to prioritize the most cost-effective
technologies, this study focused on obtaining Mauritius-specific costs

and renewable resource data to accurately determine the local LCOE and
assess the cost-competitiveness of renewable energy systems in
Mauritius. The results demonstrated great potential in terms of

renewable energy generation.

[113] OSeMOSYS software

Modeled a fully renewable electricity grid for Mauritius in the year 2040.
The study found that optimal renewable portfolios combined all the

available resources to different extents, including solar, wind,
hydroelectricity, biomass, and electricity storage. The variable nature of
solar and wind electricity was mitigated, partly by a diversity of sources,

partly by coupling with dispatchable biomass and hydropower and
further with electricity storage.

[114] Literature review and
Government reports

The study aimed to critically analyze the present and the proposed
energy resource mix in Mauritius in order to make recommendations for

a 100% renewable energy system for the island by 2050. The results
showed the technologies that had the potential to transform the island

and achieve carbon neutrality by the year 2050, namely, hydrogen,
electric vehicles, bagasse gasification, solar PV, CSP, wind, biofuels, smart

grids, etc.

[115] GIS software

Analyzed the spatio–temporal variability of the solar photovoltaic
potential of Mauritius. A Multiple Criteria Decision Making (MCDM)

analysis, coupled with an Analytical Hierarchy Process (AHP), was
performed in the GIS environment in order to map the solar photovoltaic
potential of Mauritius from a list of social, technical, legal, environmental

and climatological factors comprising of constraint, conditional and
influential factors. The results showed that the northern region of the

island was suitable for the placement of photovoltaic systems.

[116] EnergyPLAN software

This work presented the modeling of the Mauritian energy system in
EnergyPLAN software to identify and gain insights into the major
technical challenges involved to achieve that target. Based on the

simulation of alternative scenarios, it was shown that if solar PV was to
be the main source of renewable energy by 2025, operation of the

conventional generation fleet at very low levels (20 or 30% of
instantaneous demand) and high ramping requirements became

indispensable to avoid significant curtailment and meet the net load.
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Table 4. Cont.

Country Reference Method Work Description and Main Findings

[117] GIS

This paper investigated the spatial suitability for installations of
ground-mounted solar farms, based on legal, social, technical, economic,
environmental and cultural perspectives, through the use of GIS analysis
combined with MCDM. The results indicated that the most appropriate

region for exploitation was found in the northern region of the island
owing to the right microclimate regimes of these localities, the

morphology of the land and nearness to high voltage lines and road
systems.

Mozambique [118] LEAP software

Presented a comprehensive energy and emission scenario analysis for
Mozambique until 2030. The results showed that sustainable energy

policies on the supply side led to far higher cumulative emission
reductions than demand-side policies. In addition, even in the long run,

a complete ban on thermal electricity generation capacity in
Mozambique would by no means lead to shortages in the domestic
electricity market, but only slightly limit potential electricity export.

Namibia [119] MS Excel-VBA

The aim of this study was to develop and validate an optimization
model, written in MS Excel-VBA, which calculated the optimal Solar

Home Systems (SHS) component capacities guaranteeing the minimum
costs and maximum system reliability.

South
Africa

[120] LCOE and AHP

Developed a framework of analyses using LCOE and Analytical
Hierarchy Process (AHP), to assess renewable energy technologies in

South Africa (solar PV, wind, CSP, hydro, biogas, and biomass). From the
performed analysis, solar PV and wind were favored. due to technology
maturity and financier perception, while CSP also scored highly, due to

the potential to meet baseload energy requirements.

[121] Weibull probability
distribution function

Explored an off-grid renewable energy system consisting of solar PV and
wind turbine with a hydrogen storage scheme to meet the electrical

energy demands of a health clinic. The results showed that the proposed
renewable energy microgrid, with a hydrogen storage system, wasa

viable option for the health clinic in a rural community.

Tanzania [122] GIS and MCDM

This study investigated the spatial suitability for large-scale solar power
installations in Tanzania by using GIS analysis combined with MCDM.

The study identified six exclusion criteria to mark unsuitable areas. Then
the AHP method was used to determine the weights of seven identified

ranking criteria.

Zambia

[123] ArcGIS Software
Assessed the solar energy distribution and potential in Zambia. The

results showed that the country had a high technical potential for solar
energy for PV electricity generation and various applications.

[124] HOMER Software

Investigated a hybrid system using the available renewable resources
(biomass, wind, and solar) in the Misisi rural area. The obtained results

showed that Zambia had the required renewable energy to produce
power that could be used to supplement conventional systems.

Zimbabwe [125] LCOE

Presented a technologic–economic comparison of standalone wind and
solar PV in addition to hybrid PV/wind systems with the objective of

maximizing the share of RES generation, and minimizing the LCOE. The
results indicated that the PV/wind hybrid system had economic benefits

and good performance.

4.3. SADC Member States’ Programs and Renewables Targets

The Paris Agreement, introduced in 2015, at the United Nations Framework Conven-
tion on Climate Change (UNFCCC), aims to keep global warming below 2 ◦C, limiting
it to 1.5 ◦C compared to pre-industrial levels. To be part of this international agreement,
each country prepared a National Determined Contributions (NDC) document. In these
documents, countries communicated the actions they would take to reduce GHG emissions.



Energies 2022, 15, 7860 19 of 28

Such national contributions naturally imply the reduction of electricity generation by fossil
fuels, and the increase of generation through RES.

The SADC member states assumed and ratified this agreement, having in mind that
programs with different horizons were elaborated, but whose transversal objective was
the gradual increase of penetration of renewables into the national energy mix. The main
aim is to reduce dependence on fossil fuels, and ensure greater sustainability, as well as
explore different sources of electricity generation, mainly to supply rural areas, which are
essentially characterized by low electricity consumption and are located far from the main
urban centers. Thus, the proposal of the SADC member states involves the integration of
renewables in the national energy mix and the implementation of off-grid systems powered
by renewable sources, such as solar PV, wind, and mini-hydro.

Table 5 presents the programs and targets defined by some selected SADC member
states to guarantee the sustainability of energy systems and the consequent reduction of
GHG emissions. Some targets are very ambitious, given the country’s energy context, such
as South Africa, whose energy mix is mostly through coal, having defined in the Integrated
Resource Plan for Electricity 2010–2030, a 65% reduction in the sector’s dependence on
coal. This measure would demand a great effort in terms of policies and incentives from
the South African government. Both Botswana and Eswatini set 100% access to electricity
by 2030. Currently, Angola has a 63% penetration of renewables in the energy mix, and this
percentage is only due to the production of electricity through large hydroelectric plants.
By 2025, this percentage should increase to 7.5%, which would come from other renewable
sources, namely solar PV, wind, and mini-hydro, representing more than 70% of the energy
mix. However, many of the targets presented are not meeting the partial deadlines, due to
several factors, from lack of policies, incentives, financing, and technical, economic, and
social barriers.

Table 5. Sustainable energy programs to selected SADC member states.

Country Reference Program Targets

Angola [126] Angola Energia 2025

• 800 MW installation (7.5% of the national electricity mix) from
new renewables (solar PV, wind, mini-hydro and biomass) by
2025.

• 50% of the population with access to electricity.
• More than 70% of the national electricity mix from renewables

in 2025, including large hydro.

Botswana [14,127] National Energy Policy
2020–2040

• 15% reduction of GHG emissions by 2030.
• 100% access to electricity by 2030.
• 15% of the power mix from renewables by 2030 and 50% by

2036.
• Increase installed generation capacity from about 732 MW to

1430 MW by 2040 from local resources (coal, solar and wind).

Eswatini [128] Energy Masterplan 2034

• 180 GWh of energy savings per year by 2025.
• 100% access to electricity by 2030.
• 50% penetration of renewable electricity in the electricity mix

by 2030.

Lesotho [129,130] Renewable Energy Policy
2015–2025

• Additional renewable energy generation capacity of 200 MW
by 2030.

• Achieve 75% household electrification by 2030, primarily
through renewable energy.
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Table 5. Cont.

Country Reference Program Targets

Madagascar [131] New Energy Policy 2015–2030

• 70% access to electricity by 2030
• 80% of the energy mix from renewables by 2030
• 60% of families, businesses and industries to adopt energy

efficiency measures.

Mozambique [132] Nacional Electrification
Strategy for All 2018–2030

• 70% of electricity to households from the national power grid
and 30% from off-grid systems by 2030

• 20% integration of renewable into the power grid by 2030.

Namibia [133] National Renewable Energy
Policy 2030

• 70% or more of the electricity generation from renewable by
2030.

• 89% GHG emissions reduction by 2030.

South
Africa [134,135] Integrated Resource Plan for

Electricity 2010–2030

• 65% reduction in electricity generation from coal by 2030, i.e.,
decommissioning of 11.5 GW of coal power plants.

• 20% of the energy mix from nuclear by 2030.· 9% of the energy
mix from renewables (CSP, wind and solar PV) by 2030.

• 5% of the energy mix from the importation of hydro.

Zimbabwe [136] National Renewable Energy
Policy 2030

• 1100 MW of renewable capacity by 2025 (16.5% of the total
electricity demand).

• 2100 MW of renewable capacity by 2030 (26.5% of the total
electricity demand). Mini hydro (150 MW), solar PV (1575
MW), wind (100 MW) and bagasse (275 MW).

5. Discussion

Worldwide, several studies have already addressed the issue of GEP, using models to
optimize energy generation, such as MINLP, MILP, MO-LP, due to growing concern about
climate change, the need to integrate RES into energy planning to mitigate environmental
impacts caused by power generation, the need to consider an electrical system 100% based
on RES, through optimization of resources, and application of complementarity between
the RES and regions. However, for most developing countries, with emphasis on SSA,
these models need to be adapted, as access to electricity is still a challenge, mainly in rural
communities, due to the impact of the poverty of these regions. GEP with the integration
of off-grid options, instead of only relying on on-grid solutions, has been pointed out
as a cheaper alternative with less implementation time in SSA. Therefore, even with the
exploration of RES in SSA countries to increase electrification levels, mainly through off-
grid solutions for rural areas, strategies, such as complementarity between renewable
energy sources, as well as regions, have not been addressed.

SADC has a huge potential for RES, from virtually all types of sources, namely hy-
dropower, solar PV, wind, biomass, and geothermal power. However, this potential has
not been properly explored, with the region’s energy mix comprising 59% from coal. This
is because the SAPP is, by far, dominated by Eskom from South Africa, with 75% of all
installed power capacity in the region having coal as its main source of energy supply.
Currently, hydropower is the main renewable source in the region and represents 24% of
the energy mix. Countries such as Angola, DRC, Lesotho, Malawi, Mozambique, Namibia,
and Zambia, have an energy mix dependent on hydropower, and for this reason, they do
not have a strong energy guarantee in periods of drought.

In 2019, the overall average access to electricity in SADC was only 54%, although some
countries, such as Seychelles, South Africa, Mauritius, and Eswatini, had electrification rates
above 90%. However, the increase in the electrification rate at the SADC level is not linear,
since the region has numerous rural communities whose energy supply through the main
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grid is not cost-effective, due to the high required investment associated with large distances
to be covered and low energy consumption of those communities. Thus, the implementation
of distributed energy generation systems has bee pointed out in the literature as a faster
and more effective way to electrify rural communities. Distributed generation systems
were guaranteed, mainly from small and medium-sized diesel generators, to supply the
population and small businesses in these regions. Therefore, the use of diesel generators
presents, among many inconveniences, the cost of operation and maintenance (O&M), but
also the increase in GHG emissions. For the reduction of GHG emissions, the literature
identifies hybrid systems as a potential option to minimize the use of diesel generators. For
the present paper, distributed generation was explored using only RES, namely solar PV,
mini-hydro, and wind.

SADC is committed to the Paris Agreement, and for this reason, many member states
have developed national programs, whose targets include the increasing penetration of
renewable energies in the national energy mix. This paper compared the programs and
targets presented by the different countries. Regarding the integration of RES in the
national energy mix, Angola, Lesotho, Madagascar, and Namibia stand out, as their defined
targets are more than 70% in 2025, 75% in 2030, 80% in 2030, and 70% in 2030, respectively.
Ambitious electrification rate targets are defined by Botswana at 100% by 2030, Eswatini at
100% by 2034, Lesotho at 75% by 2030, Madagascar at 70% by 2030, and Mozambique at
70% by 2030. Of note is the 65% reduction in energy generation through coal, intended by
South Africa by 2030.

SADC is a region, with enormous endogenous resources for electricity generation,
and has great potential to ensure industrial and economic development and the well-
being of its populations, from health to employment opportunities. The interconnection
of member states to SAPP is important to allow these countries to take advantage of the
natural resources distributed throughout the region, guaranteeing reliability to national
power systems. Previous studies have demonstrated that the economic development of
SADC is directly related to the application of policies with a focus on the exploitation
of the region’s numerous energy resources, favoring renewable energy sources that are
present in great abundance. The synergy of member states, through the interconnection of
electricity transport grids, provides reliability for national power systems, opening the way
for industrial development, and increasing the human development index of the region.

6. Conclusions

Access to electricity is one of the main challenges faced in many SSA countries, largely
impeding economic and industrial development, as well as affecting people’s lifestyles,
such as being linked to lack of education, health, and so many other factors. SADC
member states are committed to increasing the levels of electrification of their populations.
However, the traditional method of electrifying by expanding the grid has not contributed
to the eradication of energy poverty in rural areas. Grid expansion implies high costs and
implementation times, and, therefore, rural communities would have to wait decades to
get access to electricity, which would continue to condition access to basic services, such
as health, education, etc. In addition, no access to electricity limits the development of
the agricultural sector, forcing the practice of subsistence agriculture for small farmers,
and increasing costs for medium- and large-scale farmers who are forced to acquire their
own generating sources, mostly diesel. SADC has a huge renewable energy potential
and to improve electricity access over member states, in the short term, it is essential to
consider off-grid solutions based on RES. Applied hybrid solutions, using more than one
source of energy, for instance, diesel and solar PV, or wind and solar PV would improve
the energy capacity of the communities. On the other hand, incentivizing the creation
of energy communities could bring opportunities for communities to handle their own
energy demands.

Member states have been increasing electricity generation with the cheapest options,
such as hydro power, diesel generators, coal thermal power plants, or gas turbines, to
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increase the electrification rate, and reduce suppressed demand. However, with the in-
crease in environmental concerns, there have been restrictions on the construction of new
hydropower plants, as well as the gradual abandonment of power plants based on fossil
fuels. Due to the environmental impacts caused by the exploitation of fossil fuels, mainly
in electricity generation, and the concern about global warming, it is unavoidable to inte-
grate RES into GEP. In the literature review, it was found that many studies present this
integration just by applying the concept of more competitive cost, i.e., hydro, solar, and
wind. Yet, these sources are seen as intermittent and, therefore, their large-scale integration
into the power grid involves several challenges in terms of the stability and reliability of
the system, as well as the security of the supply. This paper presented an overview of
the main studies present in the SADC literature that include the integration of RES into
national power systems with limited initial electricity infrastructure, namely with a low
electrification access rate. The methodologies of minimization of LCOE and options of
software, such as GIS, HOMER, LEAP and EnergyPLAN, were the most common themes
among the analyzed studies. These methodologies and software allow the assessment
of the integration of RES into the national power system of countries, such as Angola,
Botswana, Mauritius, Tanzania, and Zimbabwe.

To ensure the desired integration of RES, SADC member states need to explore some
strategies in order to deal with intermittent sources. The strategies found were energy
storage (e.g., reservoirs, batteries, hydrogen, pumped hydro storage, etc.), DSM, inter-
connection with other grids, complementarity between renewable energy sources and
distributed generation (off-grid solutions). Therefore, taking into consideration the context
of SADC members, characterized by high suppressed demand, and low electrification
rate, strategies such as interconnection with other grids, complementarity between RES,
and distributed generation, are seen as more appropriate and with a short-term impact,
allowing acceleration of the electrification of the region.
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AHP Analytical Hierarchy Process
BPC Botswana Power Corporation
CSP Concentrated Solar Power
DRC Democratic Republic of Congo
DSM Demand-side management
E2T Electricity-to-Thermal
EDM Eletricidade de Moçambique (Mozambique Electricity)
ESCOM Electricity Supply Corporation of Malawi
ESKOM Electricity Supply Commission
GEP Generation expansion planning
GIS Geospatial information systems
GHG Greenhouse gas
GW Giggawatts
GWh Giggawatts hour
HVDC High voltage direct current
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IEA International Energy Agency
INAMET National Institute of Meteorology
INE National Statistics Institute
IPP Independent Power Producers
IRENA International renewable energy agency
IRES Intermittency Renewable Energies Sources
HOMER Hybrid Optimization Model for Multiple Energy Resources
LEAP Long-range Energy Alternative and Planning System
LEC Lesotho Electricity Company
LCOE Levelized cost of energy
MCDM Multi-Criteria Decision-Making
MINEA Minister of Energy and Water of Angola
MINLP Mixed-Integer Nonlinear Programming
MILP Mixed Integer Linear Programming
MO-LP Multi-Objective Linear Programming
MS Member states
MW Megawatts
NAMPOWER Namibia Power Corporation
NDC National Determined Contributions
OnSSET Open-Source Spatial Electrification Tool
OSeMOSYS Open-Source Modelling System
PESTLE Political, Economic, Social, Technological, Legal and Environmental criteria
PV Photovoltaic
P2G Power-to-gas
REMix Renewable Energies Mix
REEESAP Renewable Energy and Energy Efficiency Strategy and Action Plan
RES Renewable Energy Sources
REN21 Renewable Energy Policy Network for the 21st Century
RNT Rede Nacional de Transportes (National Transport Network)
SACREEE Southern African Center for Renewable Energy and Energy Efficiency
SADC Southern African Development Community
SAPP Southern Africa Power Pool
SDG Sustainable Development Goals
SNEL Societe Nationale d’Electricite (National Electricity Company)
SSA Sub-Saharan Africa
TANESCO Tanzania Electricity Supply Company
TEMBA The Electricity Model Base for Africa
UNFCCC United Nations Framework Convention on Climate Change
UN United Nations
V2G Vehicle-to-grid
WRF Weather Research and Forecasting
WWS Wind, Water and Solar energy
ZESA Zimbabwe Electricity Supply Authority
ZESCO Zambia Electricity Supply Corporation
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