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Abstract



In this study, a Jupyter Notebook software was utilized to study the potential impact of climate
change on wind speed and solar radiation in Lesotho using a CORDEX-Africa regional climate
model to simulate the past, present, and future climate conditions under different scenarios at
10 m above ground level. Historical climate data from 1950 to 2005 showed a consistent
average wind speed of 1.50 - 3.0 m/s and solar radiation of 200 - 225 W/m?, except in the north-
east of the country where the Butha-Buthe and Mokhotlong districts are located, solar radiation
of 175 - 200 W/m? was averaged. The RCP4.5 scenario projected a stable average wind speed
ranging from 1.50 - 2.75 m/s except for the peak of 3.00 m/s in 2030. The projected solar
radiation had a minimum average solar radiation of 150 W/m? and a maximum average solar
radiation of 275 W/m?, reaching up to 340 W/m? by 2045. The RCP8.5 scenario projected a
similar wind speed trend, exceeding 3.00 m/s from 2042 to 2045, and a peak solar radiation of
370 W/mz in 2043. These projections imply that Lesotho's solar and wind energy generation
will not be negatively impacted, thus offering significant opportunities for sustainable energy
development. The findings support investments in wind and solar infrastructure throughout the
country, extending to places such as Butha Buthe, Quthing, and Mokhotlong with the newly

acquired renewable energy resources due to climate change.
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1 Introduction

1.1 Background

For centuries, global economies have relied heavily on fossil fuels such as coal, natural gas and
oil as the primary energy resources but in recent years, the impact of these energy resources on
the environment has become an issue around the world due to the greenhouse gas (GHG)
emissions released during energy production. The emissions are linked to climate change [1,
2]. In 2022, the total amount of GHGs related to energy increased by 1% reaching a record of
41.5 gigatonnes (Gt) of carbon dioxide (CO.) equivalent [3]. As a result, renewable energy
resources (RER) have become the ideal choice of energy production due to their minimal
impact on the environment. Since 2007, a paradigm shift in energy production occurred due to
a significant decline in the cost of renewable energy systems, particularly solar and wind [4],
from a global levelized cost of electricity (LCOE) for utility-scale of more than 1 MW capacity
of $0.417/kWh in 2010 to $0.048/kWh in 2021 for solar PV, while onshore wind LCOE
decreased from $0.102/kWh to $0.033/kWh in the same period [5].

Lesotho is a country in the Sub-Saharan Africa region. It is entirely landlocked within South
Africa. It has an area of about 30,455 km? with a population of about 2.1 million of which
about 70% resides in the rural area as of 2022 [6,7]. The utility-grid connection in rural areas
is considered uneconomical and expensive due to the small electricity demand as compared to
the cost of connecting the areas [8]. The country achieved an electrification rate of about 52%
in 2022 as reported by the The Reporter, (2022) [9]. According to LEWA [Lesotho Electricity
and Water Authority], (2021) Lesotho had a peak demand of 203.48 MW in 2021/22 while the
installed electricity generation within the country was at 74.7 MW, mainly through the "Muela
Hydropower station which generates 72 MW [10]. The rest is generated through small
hydropower plants. This implies that 128.78 MW, which translates to 63% energy deficit, was
imported from South Africa and Mozambique through the Southern African Power Pool
(SAPP) [10].

The national Department of Energy has proposed a plan to generate electricity locally and has
identified renewable sources of energy as the priority to play a significant role in electrifying
the country especially because Lesotho has no fossil fuels [11]. Lesotho Energy Policy 2015-

2025 was developed to address the current energy shortage in the country as well as plan for



future energy demand. The vision for the policy is that energy shall be universally accessible
and affordable in a sustainable manner, with a minimal negative impact on the environment,

hence the government will ensure the security of electricity supply within the country.

Lesotho has an ongoing 70 MW capacity solar power plant at Ha-Ramarothole in Mafeteng,
the first phase of 30 MW capacity which was commissioned in 2023 while the second stage of
40 MW capacity is expected to be completed in 2024 [12]. In another project, the EUfunded
Electrification Financing Initiative and the UK-funded Renewable Energy Performance
Platform (REPP) have each made an investment of USD 4.9-million into a project-finance
vehicle led by OnePower (1PWR) to establish 11 mini-grids in Lesotho [13]. 1IPWR also
received grant financing from the African Development Bank (AfDB) to develop a 20 MW
grid-connected power plant at Ha-Ramarothole in the district of Mafeteng [14]. The
government of Lesotho plans to increase the existing ’Muela Hydropower Station energy
generation by 40% from Phase 2 of the Lesotho Highlands Water Project (LHWP) and establish
the Oxbow Hydropower Plant which will generate about 80 MW capacity. The hydropower
component completion will be in 2029 with the expectation that phase 2 of the project will be
completed in 2028 [15].

Taele et al. (2012) state that Lesotho has a daily average solar irradiation that ranges from 5.5
- 7.2 KWh/m? and about 3,200 — 4,000 sunshine hours per year [16]. It has a considerable
potential for photovoltaics, with values ranging from approximately 1600 - 1750 kWh/kWp,
maximum values in the highlands [17]. The abundant solar radiation can be optimized to meet
the energy deficit in the country by establishing solar mini-grids for the remote areas and for
the grid-connected systems. For wind energy, the wind resource assessments done at Masitise,
Sani and Letseng-la-Terae indicate the mean wind speeds of 5.97 m/s, 4.93 m/s, and 5.5 m/s at
10 m above ground level, respectively [16,17]. Lesotho possesses abundant renewable energy
resources that can be harnessed to meet its energy demands. The country has an untapped wind
energy potential of 758 MW, a 70 MW solar energy capacity at Ha Ramarothole, a 1,334 MW

pumped storage potential at Monontsa, and 361 MW of hydroelectric resources [20].

Currently Lesotho does not generate wind energy but Hirundo Energy is developing two wind
farms in the country. One is located in the Mohale’s Hoek district. It comprises 12 wind
turbines with each turbine having a capacity of 3 — 6 MW. Another wind farm of 8 wind

turbines with the same capacity range is located at Masite Nek (Ha Majane) in the Maseru
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district [21]. Both wind farms are expected to generate approximately 25% of the country’s

local electricity consumption.

1.2 Problem Statement
In the coming years, the climate change effects with increased temperatures, reduced rainfall

and varying wind speeds are projected [22]. The generation of intermittent renewable energy
depends on climate conditions. This study analyses the potential impact of climate change on
intermittent renewable energy resources (IRER) in Lesotho. Due to their dependency on the
climate, the IRER may be susceptible to future climate conditions. David E.H. et al. (2021)
indicate that the impact of wind energy and hydropower are uncertain due to the decline in

some regions and an improvement in others while the impact on solar energy is minor [23].

1.3 Research Question and Objectives
The following is the research question for this project: What is the potential impact of climate

change on renewable energy generation in Lesotho?
To address this question, the following objectives will be addressed:

* To determine the trend of how climate change is expected to affect the climate
conditions responsible for solar and wind energy production.

» To identify the effects of climate change on solar radiation and wind speed resource up
to 2045.

1.4 Justification

The research study will help energy stakeholders (policy-makers, renewable energy developers
and funding institutions) to make informed decisions on implementing solar and wind energy
projects. The findings will not only be useful in the energy field but also be a resource for
meteorologists to appreciate future climate trends, while economists will be able to analyze the
financial implications due to climate change. Furthermore, the study will contribute to the
Sustainable Development Goal 7 initiative which aims to provide affordable and clean energy

while tackling climate change and preserving oceans and forests [24].



1.5 Dissertation Structure
The dissertation is structured in five chapters. The first chapter is the introduction which gives

a brief description of the problem that this research study addresses. The second chapter is the
literature review which outlines the Climate Change Theory and climate modelling. The third
chapter presents the methodology. It explains the steps taken to obtain the study results. The
fourth chapter presents and discusses the study results. The final chapter, Chapter Five, is the

conclusion that summarises the reseach findings.

2 Literature Review



2.1 Overview of Climate Change

The term “climate change” was first widely discussed in public from the 1980s to the early
1990s and frequently appeared alongside the term “global warming” [25]. Since then, it has
been adopted as an important issue on the international political agenda. During this period, the
leading scientists and governments around the world became increasingly aware of the
warming of the planet due to a large and growing evidence that supports this claim and the
United Nations Inter-governmental Panel on Climate Change (IPCC) which released its First
Assessment Report in 2007. The report concluded that the warming of the climate system is
unequivocal and a settled fact [26]. It is now evident from the observations of the rising global
sea levels from the melting snow and ice as well as the average air and ocean temperatures that,
according to the IPCC, future climate conditions are expected to take a similar pattern as in the
past [27].
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Figure 1: Indicates (a) Global Temperature, (b) Sea Level, (c) Carbon Dioxide Levels, and (d)
Antarctica Ice Sheets Mass [28]

As shown in Figure 1(a), the global average surface temperatures increased from -0.16 °C in
1880 to 0.9 °C in 2020. Since the records started in 1880, the global surface temperature change
from 1951 to 1980 is plotted against the long-term average in Figure 1. As observed through
the satellite, the sea level increased by 98 millimeters since the records started in 1993 to 2022

as shown in Figure 1(b) [28]. The sea rises as a result of two factors related to global warming;
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the expansion of seawater as the earth warms and added water from the melting of the ice sheets
and glaciers. Since 2002, the satellite shows that the ice sheets in

Antarctica have been losing mass as shown in Figure 1(d), the rate of change decreased by
146.0 billion metric tons per year from the period 2002-2023 [28]. NASA’s GRACE mission
started in 2002 and ended in 2017, it began collecting the data again in 2018.

The IPCC defines climate change as changes in the condition of the climate that last for a long
time, usually decades or more, and can be detected by variations in the mean and/or variability
of its properties. Global warming refers to an average increase in the Earth’s temperature that
leads to the changes in the climate [29]. There are possible causes of climate change, including
internal or external natural processes or long-lasting anthropogenic modifications to the
atmosphere composition or land usage. Over the past decades, there has been a global debate
in the scientific community about the role of human activities in the warming of the planet. The
debate divided the scientists into two groups; climate change deniers vs climate change
advocates, to date there are scientists who still believe that the current climate conditions are
due to the natural factors rather than the human factors. The percentage of climate scientists
who agreed that the current available scientific evidence that supports the warming of the planet
increased from 41% in 1991 to 74% in 2007.

2.2 The Greenhouse Effect

Human activities are believed to be responsible for the high levels of greenhouse gases released
into the atmosphere, such gases include carbon dioxide (CO.), methane (CHas), nitrous oxide
(N20), water vapor (H20) and ozone (Oz). These gases can absorb and emit infrared energy
[30]. They constitute a small fraction of the atmospheric composition but have large negative
impacts on the atmosphere, while two gases that dominate the atmosphere (nitrogen and
oxygen) has no impact on climate change. In 2019, the amount of CO: in the atmosphere at
410 parts per million (ppm) was more than it had been in at least 2 million years and the
concentration of CHs was at 1866 parts per billion (ppb) and N.O was at 332 ppb. Both
respective concentrations were more than they had been in at least 800,000 years. Shown in
Figure 2 is the increased concentration of the main GHGs contributors in the atmosphere from
1850-2019.
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Figure 2: Concentration of GHGs in the Atmosphere Since 1850 [31]

The ability of GHGs to absorb energy in the atmosphere and emit it to the surface to warm
Earth is known as the greenhouse effect. This phenomenon occurs naturally in the atmosphere
and it is important to sustain life on Earth because it prevents some of the heat from the planet
from escaping into space through the atmosphere. Without it, the average temperatures on Earth
would be around -19°C [32]. Scientists are concerned that high levels of GHGs released into
the atmosphere by the burning of fossil fuels for energy will result in energy imbalance and
change the climate on Earth [30], thus endangering the ecosystem, human health, infrastructure

and the economy.

2.3 Components of Climate System

The climate system is complex. It consists of 5 major components which are the atmosphere
(the gaseous envelope around the Earth), the hydrosphere (the water in liquid form on Earth),
the biosphere (all the living organisms), the cryosphere (water in solid form on Earth) and the
lithosphere (the land surface), influenced by various external mechanisms such as the sun [33],
as shown in Figure 3. Over time, the climate system changes due to a combination of internal
dynamics and external factors such as solar variations, volcanic eruptions, and anthropogenic

changes such as the altered atmospheric composition and land use [34].
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Figure 3: Components of the Climate System [33].

2.4 Human Activities and Climate Change

Scientists have concluded that the human activities such as cultivating crops, burning fossil
fuels for energy, clearing forests and raising livestock are mainly responsible for the rapid
climate change that has occurred since the 1950s. These activities release GHGs into the
atmosphere. When only the natural climate variabilities are considered, it is difficult to address
the changes in global temperatures and, as shown in Figure 4, the average global temperatures
would be significantly lower compared to today’s temperatures. However, when considering
human activities, the change in global warming can be traced to these activities dating back to
the 1880s. The scientific observations indicate that the increase in average global temperature
is directly proportional to the human activities. It is therefore, imperative to reduce the pollution

released to the environment to save the planet.
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Figure 4: Human Influence on the Climate Change [35]

2.5 Global Current Status and Trends of Climate Change

Global average surface temperature (GTS) increased from 1.09[0.95 to 1.20] °C between 2011
and 2020 compared to 1850-1900 [31]. The terrestrial area had the most increase, from
1.59[1.34 to 1.83] °C, while the ocean experienced the least increase, from 0.88[0.68 to 1.01]
°C. In the first two decades of the 21% century 2001-2020, the global surface temperature was
(0.99[0.84 to 1.10] °C) higher than from 1850 to 1900, as shown in Figure 5. It increased at a
more rapid rate from 1970 than in the 50 year period in the last decades. The cause of the
increase was likely to be the human activities. The IPCC 2023 reports that the main driving
factor of the increase in global surface temperature from 0.8°C in the period1850-1900 to
1.3°C in 2010-2019 is the human activities [31].
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Figure 5: Global Surface Temperature [31]

The greenhouse emissions are likely to be the main contributors to the warming of 1.0°C to

2.0°C. Other factors such as the aerosols may have contributed to the cooling of 0.0°C to 0.8°C
while the natural forces such as solar variation and volcanic activity changed the GST from -
0.1°C to +0.1, as shown in Figure 6. The anthropogenic aerosols have a net cooling effect that
peaked in the late 20th century. The highest average annual GHGs were recorded in the decade
2010-2019 with a growth rate of 1.3% per year. The combined sectors of energy, industry,
transportation and building accounted for 79% of global GHGs in 2019, while agriculture,
forestry and other land use accounted for 22%. Since around 1750, there have been observed
increases in well-mixed GHG concentrations which are, undoubtedly, due to GHG emissions

from these sectors as a result of economic development.
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Figure 6: The observed Impact of Emissions from Human Activities [31]

2.6 Observed Impacts of Climate Change

Climate change has caused significant and increasingly permanent losses to terrestrial,
freshwater, cryosphere, coastal and open ocean ecosystems [36]. It has resulted in some species
becoming extinct over the centuries. However, human activities have accelerated the extinction
process to such an extent that an estimated 10% of the species in the last 10,000 years have
gone extinct [37]. This is about 1,000 times the natural rate of extinction. Unless immediate
steps are taken to increase the resilience of natural regions through preservation, connection

and restoration, many more species will become extinct as a result of climate change [38].

United Nations sustainable development goal 2 (SDG 2) includes achieving zero hunger by
2030. Despite an overall increase in agricultural production, climate change has reduced food
and water security [39], thus hindering other SDG achievements. The Food and Agriculture
Organization (FAQO) of the United Nations further claims that food and water-borne diseases
linked to climate change have become more common and so has the incidence of diseases
carried by the vectors [40]. The increase in temperature, as a result of climate change, has also
resulted in reduced economic development in climate-exposed sectors such as energy, tourism,
fishery, forestry, and agriculture. For instance, the devastation of houses and infrastructure, the
loss of assets and income, health and food security and the negative consequences on gender

and social fairness have all had an impact on individual livelihoods [41, 42]
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2.7 Future Climate Change

The IPCC 2023 has projected that global warming will continue to increase in the future due to
continued GHG emissions to the environment and that under higher emissions scenarios, the
global average temperature is estimated to exceed 1.5°C and 2°C, relative to 1850-1900 mean
temperatures in the 21% century unless precautions are taken to reduce CO. and other
greenhouse gases [31]. About 1.5°C is projected in the near term (2021-2040) through
considered scenarios and modeled pathways, the implication is that every degree of global
warming will increase the number of simultaneous threats on the planet [43]. In most of Africa,
Asia, North America and Europe, heavy precipitation and related flooding are expected to
worsen and become more frequent with 1.5°C global warming. In addition, the increase in
meteorological drought is predicted in a few places. More frequent and/or severe agricultural
and ecological drought is predicted in a few regions throughout all the inhabited continents
except Asia, compared to 1850-1900 [31].

2.8 Shared Socioeconomic Pathways and the Future Emissions of CO;
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Figure 7: Future Annual Greenhouse Emissions [44]
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The shared socioeconomic pathways (SSPs) are used in climate science to describe future
greenhouse gas emission scenarios and their potential impact on the global society and the
environment. They are useful to policymakers in understanding the potential outcomes of
different climate pathways, the socioeconomic factors and the development of strategies for
climate change mitigation. The total past and future GHG emissions that are projected in the
2015-2100 period to accelerate the impact of climate change are shown in Figure 7, and the

highlight of the figure is CO2 which is the main cause of global warming.

The SSP5-8.5 scenario projects a high level of greenhouse emissions and their impact on the
environment [45]. It depicts the consequences of the future where mitigations are not taken to
address the prevailing climate change. The emissions of CO> from all the sectors are projected
to reach a high of about 130 gigatons of CO. per year (GtCO2/yr) from the SSP58.5 scenario,
the SSP3-7.0 scenario projects a future with high economic growth and inequality in the
society. This shows a high reliance on fossil fuels as energy sources and limited attention to
the environmental impact [43,44]. The SSP3-7.0 shows a projected amount of 80 gigatons of
CO- per year (GtCO/yr) at the end of the 21% century which is double the amount which was
observed in 2015. The SSP2-4.5 represents a scenario with intermediate greenhouse emissions.
It also indicates a future where efforts are made to limit these emissions [47]. With this
scenario, COz levels are expected to slow down after 2050. SSP1-1.9 and SSP1-2.6 indicate a
future where significant steps are taken to mitigate climate change and limit the impact of
global warming [45,46]. Both scenarios show a significant drop of GHG emissions in the short

term to amount below zero of gigatons of CO> per year.

2.9 The Effects of Climate Change on Renewable Energy Resources

Renewable energy resources depend on climate conditions. For example, direct climate change
parameters, such as higher ambient temperature, can negatively affect the efficiency of solar
cells. Higher wind speeds may result in increased wind power generation and harsh weather
conditions such as storms and hurricanes which can pose a risk to wind turbines and, hence,
negatively impact their operations [23]. The effects of climate change on renewable energy are
essential to understand and to address in order to ensure the sustainability, resilience and
effectiveness of renewable energy technologies to adapt to the changing climate [23]. Energy

planners, stakeholders, and policymakers can make informed decisions by incorporating
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climate change into energy planning and can prepare or mitigate the impacts on renewable

energy supply.

2.10 Global Surface Temperature Projections as a Result of CO; Emissions

In 2015, the UN Climate Change Conference adopted an international legally binding treaty on
climate change which would later be known as the “Paris Climate Agreement” [50]. The aim
of this agreement is to mitigate global warming to the levels below 2.0°C and try to limit it to
1.5°C above pre-industrial levels [45, 51]. The IPCC, 2023 has indicated varying emissions as
shown in Figure 8, depending on socio-economic assumptions, the degree of climate change
mitigation, air pollution for aerosols and non-methane ozone precursors [31].

The global surface temperature is projected as high as 5.5°C and 4.5°C, using the scenarios of
SSP5-8.5 and SSP3-7.0 respectively. Global surface temperatures are projected below 2.0°C
when using SSP1-1.9 but are projected to be between 2.0°C and 3.0°C when using the SSP12.6

scenario.
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Figure 8: Global Surface Temperature Projections as a Result of CO2 Emissions

2.11 Climate Change Politics and Policies

Meckling (2023) urges that politics should not be considered as a barrier to achieving climate

change but rather be considered as a target of intervention to advance environmental solutions
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[52], this is because attempts to address environmental problems such as climate change are
linked to the politics approach in order to help the policymakers to develop the strategies that
fill the gaps such as the ambition gap, the implementation gap and the international action gap
which are critical to the effectiveness policies [52, 53]. The political will, a well-aligned
multilevel governance, institutional frameworks, legislation, policies, strategies as well as
improved access to funding and technology are all necessary for effective climate action which
is facilitated by inclusive governance systems, cooperation across many policy areas and clear
goals [54].

Regulatory and economic tools may support significant reductions in the emissions if they are
expanded and implemented broadly [31, 55]. When well-implemented, carbon pricing tools
have encouraged low-cost emissions reduction strategies but have not been as successful in
encouraging higher-cost strategies that are required for additional reductions when used on
their own [56]. Strategies such as carbon taxes are implemented as part of emission reduction
to generate revenue which will, in turn, support the low-income households. Eliminating fossil
fuel subsidies may lower the emissions and result in the benefits such as increased public
revenue, macroeconomic stability and sustainability performance [57]. However, eliminating
the subsidies may have unfavorable distributional effects, particularly on the most
economically vulnerable groups and depending on the economic situation. This can be

mitigated by redistributing the saved revenue [58, 59].

2.12 Mitigation and Adaptation Strategies across Energy Systems

The energy sector is one of the major contributors of global warming. Though the sector is
dependent on the effects of climate change as part of the obligations under the Paris Agreement,
the majority of Nationally Determined Contributions (NDCs) submitted by the Parties to the
United Nations Framework Convention on Climate Change (UNFCCC) contained the energy
sector emission reduction components [60]. The major transformation of global energy systems
and deep reduction in GHG emissions is required for climate change mitigation [61]. Breyer et
al. (2020) state that in order to limit the anthropogenic temperature increase to 1.5°C - 2.0°C
above pre-industrial levels, zero GHG emission energy systems are needed by the mid-21%

century and major GHG emissions removal technologies have to be implemented in the early
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2030s. They will have to be scaled up between the 2040s and the 2050s [62]. Adaption

strategies can reduce the risks associated with climate change on the energy systems [63].

Energy systems that emit net zero emissions comprise reduction in the use of unabated fossil
fuel, the use of carbon capture and storage in the remaining fossil fuel systems [64]. Electricity
generation systems, such as renewable energy generators that emit no CO2 need to be adopted
and to be coupled with widespread electrification on both rural and urban areas. A combination
of energy conservation and efficiency systems strategies can result in a more sustainable and
energy-efficient future, benefitting both the environment and the economy. Significant
emissions reductions at costs below USD 20 per ton of carbon dioxide equivalent are achieved
through the adoption of solar and wind energy, enhancements in energy efficiency and the
reduction of methane emissions in the sectors such as coal mining, oil and gas and waste

management [63].

Diversifying energy generation through the sources such as wind, solar and small-scale
hydropower, along with managing the demand through the measures such as storage and energy
efficiency improvements, can enhance energy reliability and decrease susceptibility to climate
change impacts. Implementing climate-responsive energy markets, updating design standards
for energy assets based on the current and future climate projections, adopting smart-grid
technologies, reinforcing transmission systems and enhancing the capacity to address supply
shortages are highly feasible strategies in the medium to long term, thus offering additional

benefits in terms of climate mitigation [65, 66].

Reducing greenhouse gas (GHG) emissions in industries requires a coordinated action across
the value chains. The strategies include optimising the demand, improving energy efficiency,
implementing circular material flows, adopting abatement technologies and making
transformative changes in the production processes. In transportation, mitigating the CO>
emissions involves sustainable biofuels, low-emission hydrogen and derivatives. However, the
cost reductions and the production process improvements are essential for their effectiveness
[67].

When charged with low-greenhouse gas emissions electricity, Electric vehicles have the
significant potential to decrease greenhouse gas emissions from land-based transportation
throughout their life cycle [68]. Progress in battery technologies can enable the electrification
of heavy-duty trucks and to enhance traditional electric rail systems. In order to mitigate the

environmental impact of battery production and to address the concerns about critical minerals,
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strategies such as diversifying the materials and supply sources, improving the energy and

material efficiency and implementing circular material flows can be employed [69].

2.13 Climate Change at Regional Scales

Historical GHG emissions in Africa (compared to other regions) are shown in Figure 9. As it
can be observed, Asia had the highest GHG emissions in the world. The figure increased from
about 10 Gt CO2eq in 1990 to more than 25 Gt CO2eq, during this period, GHG emissions in
Africa were less than 5 Gt CO2eq. Transition to renewable energy sources presents a strategic
solution to diminish dependence on wood fuel and charcoal, particularly in urban areas. The
transition offers a multitude of advantages such as reduced deforestation, mitigation of
desertification, decreased fire risks and improved indoor air quality [70]. Additionally, adapting
renewable energy technology encourages local development and improves agricultural yields.
The transition to renewable energy also reduces the emissions to the atmosphere, saving the

planet and improving the health of the society.
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Figure 9: Greenhouse Gas in Africa compared to other World Regions from 1990-2019 [37]

The SSA region is recognized as highly susceptible to the impact of climate change due to its
limited ability to adapt to or mitigate the effects of environmental shifts. Despite Africa being
a minor contributor to greenhouse gas emissions that are linked to climate change, the continent

has witnessed significant losses and damages in the key development sectors [37].
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The repercussions, attributed to human-induced climate change encompass biodiversity
decline, water shortages, reduced food production, loss of human lives and hindered economic
growth. These negative impacts are expected to become widespread and severe with global
warming levels between 1.5°C and 2°C [71]. Assuming localized and incremental adaptation
measures, restricting global warming to 1.5°C is projected to significantly mitigate damages to
African economies, agriculture, human health and ecosystems when compared to higher global

warming levels [37, 72, 73].

In the Southern African region, the mean annual temperature in the region has increased by a
range of 1.04°C to 1.44°C from 1961 to 2015, depending on the specific observational dataset
employed [44]. Over the past four decades, there has been a notable escalation in the annual
count of hot days in Southern Africa. Furthermore, there is a growing body of evidence
suggesting an increased occurrence of heat stress with detrimental effects on both agriculture
and human health [74]. At the same time, there has been a reduction in the frequency of cold
extremes, including days with frost and with global warming levels reaching 1.5°C, 2°C, and
3°C above the pre-industrial levels, the anticipated mean annual temperatures in Southern
Africa are expected to be, on average, 1.2°C, 2.3°C, and 3.3°C higher than the baseline average
of 19942005, respectively. Meanwhile, the summer rainfall in the region is expected to decline
in mean annual rainfall by 10-20% [75], coupled with an increase in the frequency of

consecutive dry days throughout the rainy season.

2.14 Adaptation and Indigenous Knowledge

The adaptation capacity to climate conditions remains low in Africa and recent studies have
directed their focus towards indigenous knowledge (IK) to support the development of
sustainable and effective strategies of climate change. According to the IPCC, the term
indigenous knowledge refers to the understanding, skills and philosophies developed by

societies with the long histories of interaction with their natural surrounding [34].

IK has proven valuable in shaping diverse climate change adaptation strategies, spanning areas
such as management practices, early warning systems risk and disaster management [76]. The

significance lies in fostering knowledge co-production, and contributing to the creation of
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resilient adaptation measures. A crucial importance for the integration of IK and scientific
knowledge is in weather and climate services, enhancing the reliability and acceptability of
forecasts within the local communities [77]. However, the decline of IK is evident due to the
factors such as modernisation, rural-urban migration, alterations in landscapes and shifts in

religious beliefs.

2.15 Climate Change in Lesotho

Lesotho is a country that is highly vulnerable to the impact of climate change due to its
topography and socio-economic conditions and it has presented a Nationally Determined
Contribution to strengthen the global efforts of both mitigation and adaptation according to the
Paris Agreement, this is despite the country having a relatively low carbon emissions as
compared to other developing and developed countries. In 2021, Lesotho’s GHG emissions
were estimated at 6.04 million tonnes while South Africa and Nigeria were the highest GHG
emitting countries on the continent with 552.89 million tonnes and 444.50 million tonnes
respectively as shown in Figure 10. Lesotho has adopted plans to further address and reduce
the emissions by capitalizing on the available opportunities presented by the low-carbon
development pathways and green economy in the sectors such as energy, transport, agriculture,

forestry, waste management, land use and land use change [78].
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Figure 10: Lesotho's GHG Emission Compared to Other African High Emitting Countries [79]
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In accordance with its Nationally Determined Contributions (NDC), Lesotho has aggressively
pursued a number of policies aimed at advancing a low-carbon growth trajectory customized
to its unique national circumstances. In addition to the significant expenditures in afforestation
and rural electrification projects, these programmes also aim to harness the power of hydro,
solar and wind power [78]. Nevertheless, in order for Lesotho to fully unlock its capacity to
significantly contribute to global mitigation strategies, substantial assistance from the
international community is required. The 2017-2027 Lesotho National Climate Change Policy
under the Ministry of Energy and Meteorology was developed with a vision to build climate
change resilience and low-carbon pathways including a prosperous economy and environment
in the country [80], the policy was developed with the guiding principles of the Paris
Agreement, Sustainable Development Goals, the African Union Agenda 2063, the United
Nations Framework Convention on Climate Change (UNFCCC), and the National Strategic

Development Plan.

Recent patterns in climate change and future projections consistently provide compelling
evidence of climate variations, underscoring Lesotho's susceptibility to such changes. The
country has witnessed a frequency of natural disasters, particularly drought and floods in recent
years. Notably, critical water resources, including perennial springs, robust rivers and
numerous dams, have significantly diminished. Agricultural activities as the sources of living
in the rural areas are steadily diminishing, thus worsening the challenges faced by the
population. Concurrently, the escalation of soil loss and land degradation has been accelerated
by the compounding pressures of agricultural and livestock practices (such as over-cultivation
and overgrazing), urbanization and deforestation [81]. The estimated annual loss of 40 million
tons of soil through erosion compounds these environmental challenges.

The country’s National Strategic Development Plan (NDSP) has outlined a plan to reverse

environmental degradation and adapt to climate change as the main objective.

2.16 Overview of Climate Modelling

McGuffie and Henderson-Seller (2014) explain climate modeling in terms of parameterisation
and define it as the process of representing a physical process mathematically by establishing
a link between the key process parameters without explicitly modeling every step of the process
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[82]. Climate models are computer simulations that represent the interactions of the Earth's
atmosphere, the oceans, land surface and other components. They are used to understand and

predict climate patterns and changes.
Types of Climate Models [82]:

» Energy Balance Models (EBM)

» Radiative Convective and Single Column Models

« Dimensionally Constrained Models (Statistical dynamical, Earth system models of
Intermediate Complexity)

* General Circulation Models (GCM)

2.16.1 Energy Balance Models (EBM)

Energy balance models (EBMs) are mathematical representations used to understand and study
the distribution and flow of energy inside the system. According to Robert Colman & Sergei
Soldatenko (2020), it is also used in Coupled Model Intercomparison Project Phase 5 (CMIP5)
to investigate climate variability and sensitivity [83]. The EBMs are used in various scientific
fields such as climatology, ecology and physics to examine the energy exchange between
different system components using the fundamental concept that energy can neither be created
nor destroyed but can be changed from one form to another or can be transferred between
different parts of the system. In climate modeling, the energy balance models are essential for
understanding the interactions between incoming solar radiation and the outgoing terrestrial
radiation, the energy absorbed and the energy absorbed and re-radiated by the atmosphere and
surface [84, 85].

2.16.2 Radiative Convective and Single-Column Models

Single-column models (SCMs) and radiative convective models (RCMs) are basic tools that
help in understanding the complex interactions that occur within the Earth's atmosphere in
atmospheric and climate research. RCMs are designed to study the interaction between
radiation and convection in the atmosphere with respect to the radiative component of the

RCMs. This includes the phenomena such as greenhouse gas absorption and solar radiation
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reflection by the Earth’s surface and atmospheric gases that they absorb or re-emit. The process
includes the absorption of heat from sunlight and the reflection back to the space. The
convective component simulates the phenomena such as cloud formation and precipitation by
concentrating on the upward movement of air masses by linking the radiative and convective

processes.

The SCMs simplify the modeling domain to a single vertical column of the atmosphere,
allowing a detailed investigation into the vertical processes without large computational costs
associated with bigger models. This vertical column usually runs from the surface up to the
top of the atmosphere and within this defined column. The SCMs contain parameterizations for

several physical processes such as radiation, convection, turbulence, and surface fluxes.

2.16.3 Dimensionally Constrained Models

Scientific research uses dimensionally restricted models, such as Statistical Dynamical Models
(SDMs) and Earth System Models of Intermediate Complexity (EMICs) which provide a
compromise between the computational efficiency and the ability to capture the essential
dynamics. The SDMs are one type of model that combines statistical aspects with the
dynamical principles. Statistical properties are represented by these models while incorporating
the main dynamical processes. The SDM simulations can run efficiently in many cases because
they are sometimes limited by dimensionality, unlike the more complex types of models. In the
SDMs, statistical relationships are established on the basis of observational data. These
relationships are then used to simulate the behaviour of the system in some areas such as climate
science and weather prediction as they allow for significant dynamic features to be captured

without becoming computationally impractical.

The EMICs are another class of dimensionally restricted models which simulate the interactions
among the different components of the Earth system such as the atmosphere, oceans, land
surface and ice at an intermediate level of complexity that lies between the simple models and
comprehensive Earth System Models (ESMs). The EMICs reduce some processes and the
parameterisations, thereby making them computationally more efficient than the higher
resolution ESMs. Nevertheless, these simplifications enable them to capture substantive

feedback and interactions across the components for the researchers who study the various
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scenarios including the long-term behaviour of the Earth System. Such models prove to be ideal
for investigating the large-scale climate phenomena, understanding human impacts on the
environment as well as exploring the possible climatic projections. They strike a balance
between realism and computational efficiency hence they can be employed by the scientists

who address the diverse scientific issues.

2.16.4 General Circulation Models/Global Climate Models (GCM)

The General circulation models (GCMs), also known as global climate models, are the
numerical tools used in atmospheric science for simulating the Earth’s climate system. These
mathematical models encompass the physical processes that govern atmospheric behaviour, the
ocean, the land surface and the sea ice. The GCMs play a vital role in explaining and forecasting
climatic patterns including the changes in temperature, rainfall and other such variables [86].
The representation of the atmospheric dynamics is one of the important features of GCMs and
their structure breaks the atmosphere into a three-dimensional grid, using the equations that are
based on the fundamental laws of physics such as fluid dynamics or thermodynamics to make
it possible for them to calculate air masses movement, heat transfer and other types of
atmospheric processes. Besides their ability to simulate these movements within the ocean
depths, the contribution of the GCMs to this process also includes oceanographic simulations
which take into account the factors such as the ocean currents as well as the heat exchange
and the sea surface temperatures. Additionally, the GCMs have components that attempt to
reproduce land surface processes such as the vegetation dynamics and the land-atmosphere
interaction in order to accurately depict how the changes in land cover can alter the climatic
patterns which result from deforestation or urbanization. The representation of the sea ice
dynamics is crucial for capturing the interactions between the atmosphere and the polar regions,

especially in the context of climate change.
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Figure 11: Typical Global Climate Model [87]

The GCMs models are the best tools available for scientistific investigation on how the Earth
climate system may evolve over time in response to the different kinds of conditions. They
divide the planet into a three-dimensional grid (with four-dimensional time added for a good
measure) and then perform the calculations for each part of the grid, inside which certain
physical laws (obtained from basic principles of physics, chemistry, and mathematics) are
supposed to govern the climate system behaviour, as shown in Figure 11. The key assumption
is that the laws which govern the climate system at any given moment in time and at any given
place on the planet will also govern its behaviour in the future and in response to the

hypothetical what-if scenarios.

2.17 Climate Models Simulation

The IPCC representative concentration pathway scenario or future greenhouse gas

concentration trajectories are outlined, incorporating the terrain and land-use data sets such as
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the atmospheric composition, precipitation, wind speed, and solar radiation. The GCMs provide
the RCMs with the boundary conditions such as the atmospheric conditions and large-scale
atmospheric circulation patterns to RCMs [88]. The schematic of this scenario is shown in
Figure 12. The RCMs use the boundaries to make regional climate simulations with the focus
on smaller spatial scales and the fine details that GCMs cannot adequately capture. The
resolution for the GCMSs can range between 100 and 200km, making it difficult to observe the
finer details and the local variations, while the RCMs can reproduce the climate of a finer
spatial resolution that ranges between 1 and 20km [89, 90], with greater accuracy of regional
climate phenomena, including land-sea interactions, topographic effects and smallscale

atmospheric circulations.
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Figure 12: Climate Model Simulation [91]

The collaboration between the GCMs and RCMs facilitates a comprehensive understanding of
climate dynamics across various spatial scales. The GCMs provide the broader context of
global climate change and its drivers, while the RCMs offer a detailed perspective into regional
climate patterns, variability and extremes [92]. This integrated approach can be optimized to
assess the potential impact of climate change on different regions and for developing the

targeted adaptation and mitigation strategies to address the regional vulnerabilities.
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2.18 Downscaling

The term "downscaling” refers to the process of generating local- and region-specific
highresolution climate information from global climate model outputs at a relatively coarse
spatial resolution. It handles the spatial discontinuity that exists between the GCMs whose
typical resolution span is of order 100-200 kilometers. The finer-scale information needed to

do regional climate assessments whose requirements may be 1-20 kilometers or even smaller.

The downscaling process can be achieved through two main approaches:

2.18.1 Dynamic Downscaling

Regional Climate Models (RCMs) (RCMs) constitute the advanced weather models that have
higher resolutions and spatial settings used to simulate the climate processes in the regions of
interest. They use boundary conditions from the GCMs to drive the simulations but operate at
a finer scale. However, they allow for the representation of the local climate features at a higher
resolution than the GCMs.

Nested Grids: The RCMs do not stagger the grids like rectangular grid configurations, but they
use a circular configuration where a fine grid is at the center and coarser resolutions become
less detailed around it [93]. The coarser outer domain gives a preliminary environment, whereas
the inner domain where the climate processes on a small scale occur is used as a boundary
condition [94].

Physics-Based Modeling: RCMs use the same physical equations as those used in GCMs except
for specific changes made to reflect the characteristics of the land, including the topography

and land use. It is those small-scale climate events on a local scale that happen regularly.

2.18.2 Statistical Downscaling

Empirical-statistical methods: these statistical downscaling techniques are based on the
statistical relationship between the large-scale atmospheric variables from GCMs and the local
climate observed in the weather stations or other areas. The calculated relationships are then

used to produce downscaled climate projections for specific areas from the GCM outputs. The
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regression models are the most widely used techniques for statistical downscaling. Multiple
regression models and machine learning methods derive statistical links between predictor

variables and predictors using historical observations.

There are advantages and disadvantages for both dynamic and statistical downscaling
approaches. Dynamic downscaling, through the use of the RCMs, offers theoretically sound
estimations of regional climate processes although the requirement for substantial computing
skills and resources may be a limiting factor. Statistical downscaling is less computationally
expensive and can be more easily applied to various GCM types although it may lack some of

the finer scale processes, typically resolved by RCMs.

2.19 Model Error and Uncertainty

In climate modeling, a model error is the difference between the predictions of a model and the
actual field measurements, it is the extent to which the dynamics and basic physical processes
of the climate system are accurately represented by the model. Inaccurate representations of
atmospheric processes, land surface interactions, ocean dynamics and other elements of the
Earth's climate system can lead to model mistakes in climate models. The model error indicates
the degree to which the model's assumptions and equations diverge from the actual physical
processes. Uncertainty in climate modeling is the lack of accuracy or confidence in the model's
predictions. It originates from a variety of the sources of different aspects of the modeling

process.

Sources of uncertainty in climate modeling comprise:

« Internal variability (Natural variability in the climate system, such as El Nifio and La
Nifia events) can lead to short-term fluctuations)

« Emission Scenario Uncertainty (different possible future emissions introduce
uncertainty in projecting future climate conditions)

« Model uncertainty (Climate models are simplifications of the real world, and the
choices (such as omissions) made in model structure can impact results.)

- Downscaling uncertainty (some important features operate in a coarse scale and may
not capture the local features)
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Uncertainty represents a comprehensive concept, acknowledging a spectrum of the factors that
contribute to imprecision in climate model predictions. Both model error and uncertainty are

critical considerations in improving the reliability and usefulness of climate models.

2.19.1 Strategies for Dealing with Uncertainty in Climate Modeling

Addressing uncertainties in climate modeling involves strategies such as quantifying and
identifying sources of uncertainty, running multiple simulations, conducting sensitivity
analyses, planning for various scenarios, calibrating and validating models, transparently
communicating uncertainties, investing in research and model enhancement and promoting
international collaboration for data sharing and expertise [95, 96]. These approaches contribute
to the improvement of climate predictions, enhancing accuracy and informing the decision-

making processes effectively.

2.20 The Coordinated Regional Downscaling Experiment (CORDEX)-Africa

CORDEX is a regional climate model developed by the World Climate Research Programme
(WCRP) to improve regional climate scenarios through downscaling of the global climate
models (GCMs) [97]. CORDEX provides a platform for generating high-resolution climate
projections to study and understand climate variability at regional scale [98]. The
CORDEXATfrica focuses specifically on improving climate models and projections for the
African continent. The main objective is to address the challenges facing African’s diverse
climate zones, and the continent’s vulnerability to the impacts of climate change. CORDEX-
Africa uses RCMs to downscale the GCM results, providing results of high-resolution around
50 km or less [99]. The downscaled results are capture fine-scale climate process that were not
visible on the GCM.

CORDEX Africa data and projections are used in various sectors, such as agriculture, energy,
disaster risk management, infrastructure planning, and water resource. The projections are
important for planning as well as developing adaptation and mitigation strategies in response
to the climate change. More scientists and researchers are relying on CORDEX due to its ability

to produce results of high-resolution and reliabla climate projections
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2.21 Previous Climate Modelling Studies

Several studies have been conducted on climate modelling in different regions of the world.

This section will take a look at some of the work that has been done in this area of study. Pieter
de Jong et al. (2019) estimated the impact of climate change on wind and solar energy by 2030s
and the 2080s in Brazil using a South American regional climate model from three downscaled
global models [22]. The results of that study showed a slight increase of solar energy at solar
power plants in the north-east of the country. Furthermore, wind potential was also projected
to increase by more than 40% at some of the existing wind power plants. Waleed Abbas et al.
(2020) conducted a study on the impact of climate change on renewable energy resources in
the Arab World using the climate data obtained from the web-based WorldClim and the global
climate model (ECHAMS5-MPIOM) downscaled by the RegCM and CORDEX regional
climate models [100]. The impact of climate change on renewable energy resources in the
Caribbean region conducted by Angeles et al. (2010) used a parallel climate model (PCM)
coupled with a numerical model regional atmospheric modeling system (RAMS) to simulate

solar and wind energy in the island of Puerto Rico.

Another study on the impact of climate change on wind and photovoltaic energy resources in
the Canary Islands and adjacent regions was conducted by Gutirrez et al. (2021) using a set of
climate simulations obtained from the MENA-CORDEX to simulate the present and future
climate conditions in two scenarios [2]. Most studies used climate models to project future
climate conditions and to power production equations. However, power production equations
result in large variations for long-term climate change scenarios which make it less attractive

in the scientific community [101].

2.22 Climate Change Scenarios

Climate change scenarios serve as speculative representations of the forthcoming climates,
relying on diverse assumptions regarding the future greenhouse gas emissions, the

socioeconomic trends and related variables. These scenarios help the scientists, the
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policymakers and interested parties to examine the various potential outcomes and to evaluate
the impact of climate change across different scenarios. The key aspects of the climate change
scenarios used by CMIP5 for the IPCC for the Fifth Assessment Report (AR5) are the
Representative Concentration Pathways (RCPs). These include a set of greenhouse gas
concentration trajectories in the atmosphere over time, different RCP defined by the radiative
forcing levels by the year 2100 (as compared to pre-industrial levels) [102].

They are also used in this report to make climate change projections. There are four different
RCPs;

RCP2.6: An optimistic scenario that assumes strong mitigation pathways, large-scale
reductions in emissions and increasing rates of renewable energy deployment, affirming
progress towards a low-carbon world. Radiative forcing is maximal at approximately 3 W/m?

by the time plateaus in and then fades out during the course of the 21% century.

Implication: This outcome aligns with the aspirational goal of the Paris Agreement and is
consistent with achieving a rise in global temperatures of well below 2°C above the

preindustrial levels.

RCPA4.5: This scenario is a moderate GHG emission one and it anticipates some mitigation
such as the policies to reduce the emissions (changing energy sources), radiative forcing peaks

at approximately 4.5 W/m2 before reverting to the new equilibrium without overshooting.

Implications: This scenario implies a future where global warming is limited but still exceeds
2°C above the pre-industrial levels. Substantial efforts are required to adapt to the impact of

climate change.

RCP6.0: The Medium-high GHG emissions scenario assumes a continued increase in
emissions and some modest mitigation effort but is less ambitious than the RCP2. 6 and RCPA4.

5. The Radiative forcing peaks at approximately 6 W/m? by 2100 remain constant afterwards.

Implications: This situation relates to a world warmed by more than 2.0 degrees C above the
pre-industrial levels which come with major climate change effects. It stresses the need for

mitigation and adaptation measures to deal with these impacts.

RCP8.5: The highest emission scenario (high GHG emissions)- starts from the assumption
that people will continue to use large volumes of fossil fuels and are not interested in changing
their efforts to mitigate the effects. The values of radiative forcing keep growing until the end
of the century up to approximately 8.5 W/m?2 in 2100
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Implications: This scenario corresponds to a future where global warming exceeds 4°C above
the pre-industrial levels, resulting in severe and widespread impact on the ecosystems, societies
and economies. It underscores the urgent need for ambitious mitigation actions to avoid the

most catastrophic consequences of climate change.

2.23 Solar and Wind Energy Global Trends

In 2022, a renewable power capacity with a total of 348 GW was added to the global energy
mix, this was a 13% increase from the 306 GW added in 2021. However, the International
Energy Agency (IEA) has stated that in order to be on track with the IEA net zero scenarios by
2030, renewable power additions need to increase by 2.5 times the current additions [103].
Wind and solar energy dominated the renewable power addition with 92% of the total
renewable additions (22% wind and 70% solar). The annual renewable power capacity
additions shown in Figure 13 indicate increasing trends in global renewable power addition
from 2017-2022 and it is expected to continue to increase in the future.
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Figure 13: Annual Renewable Power Capacity Additions, 2017-2022, vs the total Installation
Required to Reach IEA Net Zero Scenario in 2030 [103]

The IEA has outlined the following factors as the main reason of increasing the wind and solar
power supply;
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Policies: promoting the growth of the solar photovoltaic (PV) and wind energy has inceased
consistently, with over 140 countries currently endorsing such measures. Simultaneously, the
major markets including China, the European Union, India, Japan, and the United States, have
significantly elevated their policy ambitions and the corresponding support for the expansion

of these renewable energy sources.

Cost of Electricity: From 2010 to 2022, the cost of generating electricity, measured as the
levelized cost, witnessed substantial declines—approximately 90% for solar photovoltaic (PV),
70% for onshore wind and 60% for offshore wind. Although recent years have seen some cost
increases, notably impacting the wind power in advanced economies, these cost reductions
align with the projected learning rates associated with the expanded deployment and
technological advancements in the renewable energy sector. Overall, a symbiotic relationship
has emerged between the policy support and cost reductions, establishing a positive feedback
loop; heightened policy backing has spurred increased deployment, resulting in cost reductions

which, in turn, have facilitated further deployment.

Manufacturing capacity and industrial policies: IEA forecasts now systematically consider
advancements in the supply chains of clean energy, surpassing the actual deployment in certain
instances and presenting a prospect for accelerated growth, particularly in solar photovoltaic
(PV).

Financing conditions: The significance of the cost of capital for solar photovoltaic (PV) and
wind power is particularly noteworthy, given that most of their lifetime expenses stem from
upfront capital costs. Established and proven policy and regulatory structures have played a
crucial role in diminishing financing expenses by offering operators high revenue certainty,
typically through extended contractual agreements. In the current context, the elevated
borrowing costs raise apprehension as they pose some challenges to project the economics,
potentially shifting the cost considerations back toward the technologies with the lower initial

expenses, often associated with pollution but entailing long-term expenditures for fuel

These factors have generally had a favourable impact on the expansion of wind power and solar
photovoltaic (PV), contributing to consistent year-on-year growth in forecasted deployment.
However, the projected increase in wind and solar PV generation to reach the net zero emission
scenario in 2030 falls significantly short of the necessary level to restrict global warming to 1.5

°C. Therefore urgent measures and solutions are required to reach this goal.
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2.23.1 Levelized Cost of Electricity for Wind and Solar Energy

Renewable energy equipment prices and commodity as well as project delays affect renewable
energy project costs. The global weighted average levelised cost of electricity (LCOE) which
decreased in 2021 for solar PV as well as for onshore and offshore wind power. However, the
global capacity additions of these technologies did not show any sign of decreasing [103, 104].
In 2021, the global weighted average LCOE for th newly commissioned utility-scale solar PV
plants decreased from USD 0.055/kWh in 2020 to USD 0.048/kWh while the global weighted
average LCOE of the newly commissioned onshore wind projects decreased from USD
0.039/kWh in 2020 to USD 0.033/kWh in 2021 [104]. The newly commissioned utility-scale
solar PV projects LCOE decreased by 88% from 2010 to 2021.

In 2021, a significant number of projects were affected by the increasing solar PV module
costs at the end of 2020. The impact was, however, limited as outlined by the IRENA Outlook
2023, which states that only three out of the top 25 markets of new installations experienced an
increase in their country-level total weighted average installed costs in 2021 [104]. Many
countries experienced an increase in the average cost of electricity from onshore wind and
solar PV in 2022 due to the supply chain constraints that started in 2020 and the general
commaodity cost inflation that began in 2022. These increases were larger for onshore wind than
for solar PV. The increase in commodity and renewable energy equipment costs has a delayed
impact on the project costs due to the time difference between a financial investment decision

and when a project is commissioned [105, 106].

2.24 Synthesis of Literature
Climate change, as defined by the IPCC, refers to long-term changes in climate conditions,

often spanning decades and detected through variations in the average and variability of climate
properties. Global warming specifically denotes the increase in the Earth's average temperature,
which subsequently alters climate patterns. The causes of climate change include the natural
processes and human activities such as altering the atmosphere composition and land use.
Since 1880, global surface temperatures have risen from -0.16°C to 0.9°C by 2020. Satellite

observations indicate that sea levels have risen by 98 millimeters from 1993 to 2022, due to
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thermal expansion of seawater and melting ice sheets and glaciers. The IPCC 2023 report
projects continued to increase global warming, potentially exceeding
1.5°C and 2°C relative to pre-industrial levels in the 21st century, unless significant reductions

in greenhouse gas emissions are made.

Renewable energy sources, such as solar and wind, are influenced by climate conditions. For
instance, higher temperatures can reduce solar cell efficiency, while increased wind speeds can
enhance wind power generation. However, extreme weather events can damage wind turbines.
Lesotho is particularly vulnerable to climate change impacts due to its geography and socio-
economic status. Despite its low carbon emissions, it has committed to global mitigation and
adaptation efforts under the Paris Agreement. Climate models simulate interactions within the
Earth's system to predict climate patterns and changes, using the various scenarios based on

future emissions and socio-economic trends to explore the potential outcomes.

The energy balance model (EBM) uses a simplified approach in climate science to understand
the energy balance entering and exiting the Earth’s climate system. However, the main
disadvantage of its simplicity is the reduced accuracy and details for the applications that
require a high spatial resolution. Radiative-convection models (RCMs) combine both radiative
transfer and convective processes, making them suitable for studying the interaction between
the two important atmospheric processes. Their main disadvantage for this study is their ability
to exclude complex atmospheric dynamics such as wind patterns and interactions between
different atmospheric columns. Single-column models (SMCs) are useful for analysing various
atmospheric phenomena because they can incorporate a wide range of physical processes,
including radiation, convection and cloud formation. However, they are limited in their ability

to describe horizontal interactions between different regions.

Dimensionally Constrained Models offer the advantage of resource efficiency, reduced
complexity and interpretation. Their disadvantages include potential loss of detail risk of
introducing biases and reduced flexibility. General Circulation Models (GCMs) are capable of
simulating the entire climate system, including interactions between the atmosphere, land,
ocean and ice. The main disadvantage of the GCMs is that they require a lot of computational
resources due to their complexity in simulating multiple interaction components of the

Earth’s climate system. The GCMs are also used to predict future climate conditions and to

make long-term climate projections which are important for understanding the potential
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longterm effects of climate change. As a result, the GCMs were chosen as the suitable model

for this study.

From 2017 to 2022, wind and solar energy dominated global renewable power additions,
making up 92% of the total. The cost of solar and wind energy has decreased significantly, with
the levelized cost of electricity (LCOE) for solar PV plants dropping from $0.055/kWh in 2020
to $0.048/kWh and the onshore wind projects decreasing from $0.039/kWh to $0.033/kWh.

This trend is expected to continue, further advancing renewable energy adoption.

3 Methodology

The objective of this study was to analyze the potential impact of climate change on wind speed
and solar radiation in Lesotho. The CORDEX-Africa regional climate model was used to
simulate the past, present and future climate conditions under different scenarios. This
approach is used widely for long-term climate change scenarios because of the small deviations
in the results. It is also recommended by the IPCC to interpret the climate change findings
easily. The Jupiter Notebook software was used to extract climate data and to model the
historical and projected climate change. The projections are more critical for planning and
policy development for meteorological and energy sectors hence this study is conducted in
collaboration with the Lesotho Meteorological Services (LMS). Lesotho lies between the
following GPS coordinates: Latitude; -29° 30’ 10.7”” S, Longitude; 28° 12’ 56.5”” E in the
Southern African region as shown in Figure 14.
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Figure 14: An Aerial Satellite View of Lesotho Surrounded by South Africa. Source[Google Maps]

3.1 Data Extraction Process

3.1.1 The Coordinated Regional Downscaling Experiment (CORDEX) Africa
The downscaled climate change data projections from the Coupled Model Intercomparison

Project Phase 5 (CMIP5) global climate model were obtained for the African region from
CLMcom, which is the institute responsible for data generation. The CMIP5 climate model
produces reliable climate information [107]. The monthly variables of near-the-surface wind
speed (wind speed) and surface downwelling shortwave radiation (solar radiation) of CORDEX
experiments were scaled down to 50 km resolution over the Africa region (acronym: AFR-44)
based on the CCLM4-8-17 regional climate model [108].

The regional climate model is driven by the CNRM-CERFACS-CNRM-CMS5, which is the
climate model developed by the French National Center for Meteorological Research (CNRM)
jointly with the European Center for Research and Advanced Training in Scientific
Computation (CERFACS). The CNRM-CMB5 represents the fifth version of their climate model
and it is used to simulate the Earth’s climate system to study the past, the present and the future

climate scenarios [109].
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The geographic envelope describing the dataset spatial coverage is as follows: Longitude: -

24.64, 60.28, Latitude: 42.240002, -45.759998. An example of the full ‘metadata’ derived from
the CORDEX regional climate model is shown in Figure 15. It shows the variable name near-
the-surface wind speed (acronym: sfcWind). The experimental raw data (history, RCP4.5 and
RCP8.5) were modeled on the CORDEX-Africa website using the CCLM4-8-17 regional
climate model and extracted as the NetCDF4 file for variables of solar radiation and wind speed
in the African region. The NetCDF4 files were further modeled with the Jupiter Notebook

software to display solar radiation and wind speed on the African continent and Lesotho.

id = cordex.output. AFR-44.CLMcom.CNRM-CERFACS-CNRM-CM5.rcp85.r1i1p1.CCLM4-8-
17.v1.mon.sfcWind.v20140401|esgf1.dkrz.de

version = 20140401

_timestamp = 2016-11-25T16:24:19.163Z

access = HTTPServer, GridFTP, OPENDAP, Globus

cf_standard_name = wind_speed

data_node = esgf1.dkrz.de

dataset_id_template__ = cordex.%(product)s.%(domain)s.%(institute)s.%(driving_model)s.%
(experiment)s.%(ensemble)s.%(rcm_name)s.%(rcm_version)s.%(time_frequency)s.%
(variable)s

datetime_start = 2006-01-16T12:00:00Z

datetime_stop = 2100-12-16T12:00:00Z

domain = AFR-44

driving_model = CNRM-CERFACS-CNRM-CM5

east_degrees = 60.28

ensemble = r1i1p1

experiment = rcp85

experiment_familys = All, RCP

geo = ENVELOPE(-24.64, 60.28, 42.240002, -45.759998)

index_node = esgf-data.dkrz.de

instance_id = cordex.output. AFR-44.CLMcom.CNRM-CERFACS-CNRM-
CMS5.rcp85.r1i1p1.CCLM4-8-17.v1.mon.sfcWind.v20140401

institute = CLMcom

master_id = cordex.output. AFR-44.CLMcom.CNRM-CERFACS-CNRM-
CMS.rcp85.r1i1p1.CCLM4-8-17.v1.mon.sfcWind

metadata_format = THREDDS

north_degrees = 42.24

number_of_aggregations = 1

number_of_ files = 10

product = output

project = CORDEX

rcm_name = CCLM4-8-17

rcm_version = v1

size = 131210904

south_degrees = -45.76

time_frequency = mon

variable = sfcWind

variable_long_name = Near-Surface Wind Speed

variable_units = m s-1

west_degrees = -24.64

Figure 15: Metadata Derived from CORDEX Regional Climate Model
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3.1.2 Jupyter Notebook Software
The Jupyter Notebook is an open-source web application that lets users compose and share

documents that contain real code, equations, plots and narrative text. Many of the Jupyter
Notebook authors are scientific experts in their fields. As a result, it has become the most
preferably used notebook to produce scientific results due to its compatibility with multiple
programming languages such as Python, R and Julia [110]. A typically executed Jupyter
Notebook written by J.F Pimentel et al. (2021) containing two Markdown cells and two code
cells is shown in Figure 16 [111]. It dislays the process of using the Jupyter Notebook from the
input to the output.

Fibonacci
ﬂ def fib(x):
Hx<=1:
Markdown return x
cells return fib(x-1) + fib(x-2) \
fib(10)

Out[3]: 55 » Qutput 1 Code
Let's plot the numbers Cells

In [8]: from matplotlib import pyplot
%matplotlib inline
x = range(15)

y = [fib(n) for n in x]
pyplot.plot(x, y);

Execution
Counter -
= / —> Qutput 2

50

o

o 2 a & 8 10 12

Figure 16: An Executed Jupyter Notebook [111]

The fundamental structure is the notebook, which is divided into cells that can be code cells,
runnable units of code in real-time, or Markdown cells that are used to write notes and

docstrings explanations [112].

The following commands need to be Pre-installed for data processing;

3.1.2.1 Pip install netCDF4
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The command "pip install netCDF4", as shown in Figure 17, is used to install the ‘netCDF4’

Python package from the Python Package Index (PyPI). “pip” is a package manager for Python;
It is used to install and to manage additional packages that are not part of the python standard
library. After installing the user can command, the netCDF4 package in the Python code to read
and write the data in the Network Common Data Form (NetCDF) format — a file format that

is widely used for scientific data endeavours.

[

import netCDF4

# Open the NetCDF file

with netCDF4.Dataset('file.nc', mode='r') as ncfile:
# Print the variable names in the file
print(ncfile.variables.keys())

# Read a variable from the file
variable = ncfile.variables['variable_name']
data = variable[:]

2
3
4
5
6
7
8
9

.
P o

# Print the data
print(data)

Figure 17: Example of Importing NetCDF4 Dataset

3.1.2.2 Pip install cartopy

The command ‘pip install cartopy’, as shown in Figure 18, installs the “cartopy” Python
package using the “pip” package manager. Cartopy is a Python package designed to make it
easier to draw maps and to analyse the geospatial data on them. It offers advanced mapping
capabilities with extensive support for several map projections and the data formats. It also
implements the most efficient matplotlib algorithms. “Cartopy” has some dependencies that
need to be installed first; They include ‘numpy’, ‘scipy’, ‘shapely’, ‘pyshp’, ‘six’, and ‘geos’.
These dependencies can be installed using ‘pip’ or other package managers such as ‘apt-get’

(Linux) and brew (macQS).
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import cartopy.crs as ccrs
import matplotlib.pyplot as plt

# Create a fiqgure and a map projection
fig = plt.figure(figsize=(8, 6))
proj = ccrs.PlateCarree()

# Create a map
= fig.add_subplot(111, projection=proj)

5 !
2
3
4
5
6
7
8
Q9

PR
)

# Add coastlines and a grid

=
N

ax.coastlines()
ax.gridlines()

el
o0 N W

# Show the plot
plLt.show()

[
o

Figure 18: Installing Cartopy

3.1.2.3 Pip install netCDF4 matplotlib

The command ‘pip install netCDF4 matplotlib,” as shown in Figure 19, is used to install the
‘netCDF4’ and ‘matplotlib’ Python packages using the ‘pip’ package manager. The

‘netCDF4’ is a Python package for reading and writing data in the Network Common Data
Form (NetCDF) format, a popular scientific data format. It provides a high-level interface for
working with NetCDF files, including support for reading and writing the data, querying the
metadata and manipulating the data arrays. The ‘matplotlib’ is a popular Python package for
creating static, animated and interactive visualizations in Python. It provides a wide range of
plotting functionality, including support for 2D and 3D plotting, contour plots, histograms,

scatter plots and more.
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import netCDF4
import matplotlib.pyplot as plt

# Open the NetCDF file

with netCDF4.Dataset('file.nc', mode='r') as ncfile:
# Read a variable from the file
variable = ncfile.variables['variable_name']
data = variable[:]

O 00N OOV NN B

[
(o]

# Create a plot
plt.plot(data)

el el
NN R

# Add a title and labels
plt.title('My Plot')
plt.xlabel('X-axis"')
plt.ylabel('Y-axis')

R
00 N O U1 N

# Show the plot
plt.show()

=
O

Figure 19: NetCDF4 Matplotlib

3.1.2.4 Pipinstall xarray

The ‘xarray’ command epicted in Figure 20 is a library for working with the labeled
multidimensional arrays; it provides a convenient and flexible way to manipulate and analyze

large and complex datasets.

import xarray as Xxr
import matplotlib.pyplot as plt

# Open a NetCDF file
ds = xr.open_dataset('file.nc')

# Plot the data
ds[ 'variable_name'].plot()
plLt.show()

VOO NNONODNWNPR
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Figure 20: Xarray Command

3.1.2.5 Extracting Wind Speed Data using Jupyter Notebook

An example of a Python script for this study that uses the ‘matplotlib’, ‘xarray’, and ‘cartopy’
libraries to plot the wind speed data from a NetCDF file called ‘Hismerged wind_speed.nc’ is
shown in Figure 21. This is what the script does: The resulting plot shows the wind speed data
for the selected time step overlaid on a map of the world using a PlateCarree projection. The
coastlines and country boundaries are also shown, and a colorbar is added to indicate the wind

speed values. The label for Lesotho is also added to the plot.

The code imports the necessary libraries, opens a NetCDF file containing wind speed data,
extracts the ‘sfcWind’ variable, selects a single time step, creates a figure and axes with a
‘PlateCarree’ projection, adds coastlines and country boundaries to the plot, sets the x-axis
ticks, plots the ‘sfcWind’ variable using ‘contourf’, adds a colorbar with a label, sets the title
of the plot, adds a label for Lesotho, and displays the plot using ‘plt.show()’. The same steps
are taken to plot solar radiation data using CORDEX Africa.
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import matplotlib.pyplot as plt
import xarray as Xxr

import cartopy.crs as ccrs

import cartopy.feature as cfeature

# Open the merged dataset
Hismerged_ds = xr.open_dataset("Hismerged_wind_speed.nc")

NGO DNWNPR

# Extract the sfcWind variable
sfcWind = Hismerged_ds.sfcWind

# Select a single time step
sfcWind_time = sfcWind.isel(time=0)

# Create a figure and axes with a PlateCarree projection
plt.figure(figsize=(10,5))
ax = plt.axes(projection=ccrs.PlateCarree())

# Add coastlines to the plot
ax.coastlines()

# Add country boundaries to the plot
ax.add_feature(cfeature.BORDERS.with_scale('18m"'))

# Set the x-axis ticks
ax.set_xticks(range(-180,181,60), crs=ccrs.PlateCarree())

# Plot the sfcWind variable
cf = ax.contourf(sfcWind_time.lon, sfcWind_time.lat, sfcWind_time, transform=ccrs.PlateCarree())

# Add a colorbar to the plot
cbar = plt.colorbar(cf, ax=ax, shrink=0.5, aspect=5)
cbar.set_label('Wind Speed')

o DN W

# Set the title of the plot
plt.title('Wind Speed from 1950 to 2005'.format(sfcWind_time.time.values))

o~

# Add the label for Lesotho
lesotho = cfeature.NaturalEarthFeature('cultural', 'admin_0_countries', '106m',
facecolor="none', edgecolor='black')

N N N N NN
o0 3

Rel

ax.add_feature(lesotho)
ax.text(29.5, -29.5, 'Lesotho', transform=ccrs.PlateCarree(), color='red', fontsize=10)

# Show the plot
plt.show()

Figure 21: Typical Example of Extracting CORDEX Africa Data using Jupyter Notebook

3.2 Methodology Reliability

The CORDEX Africa software model has been used widely according to Alesandro Dosio et
al. (2021). Regional Climate Models have been utilized to dynamically downscale the results
from an ensemble of CMIP5 Global Climate Models (GCMs), producing high-resolution
(0.44°, approximately 50 km) historical and future climate projections for Africa [113]. A
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study conducted in West Africa showed that using the ensemble mean to project rainfall in the
region reduce the uncertainty in the climate model forecasting [114], the spatial distribution of
the correlation coefficient between the observational data and the RCMs indicates that all
models, except HIRHAM, exhibit positive values across the most parts of the African continent
[115].

Several studies on wind and solar energy resources have been conducted in Lesotho, according
to Yengane et al. Lesotho has solar radiation of 5.5-7.2 kWh/m? on average [116]. At the same
time, the wind speed observed in the country ranks amongst the top 15 best countries with the
highest potential for wind power generation in Africa [20]. The solar radiation and wind speed
observed in the country have a good potential for solar PV power plants and wind plants
respectively. The solar radiation and wind speed observed using the CORDEX Africa data are
slightly different from the data observed. The observed solar radiation in Lesotho for the period
1950-2005 was 200-225 W/m? except in the north-east part of the country where Butha-Buthe
and Mokhotlong districts are located, while from the literature annual solar radiation range

between 5.5-7.2 kWh/m? on average.

Furthermore, the average wind speed observed using the CORDEX Africa data ranged from
1.5-3.0 m/s while LMS has a reported monthly mean speed that ranges from 1.4 m/s - 8 m/s
which are generally westerly varying between south-westerly and north-westerly of the
country. The discrepancy in the observed average wind speed and solar radiation might have

been brought about by model error and uncertainty associated with the model as discussed.
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4 Results and Discussion

In this study, the Jupyter Notebook software was utilized to study the potential impact of
climate change on wind speed and solar radiation resources in Lesotho using a CORDEXAfrica
regional climate model to simulate th past, present and future climate conditions under different
scenarios. The study was conducted under the RCP4.5 and RCP8.5 climate scenarios. The

findings were compared to the baseline study.

4.1 Baseline Period

The selection of a baseline period is crucial as it affects the evaluation of changes in climate
variables. Various baseline periods may be employed for different objectives such as analyzing
historical climate changes, making future projections and comparing different datasets. The
historical climate changes were selected as the preferred baseline period to compare the
historical climate conditions to the current and projected conditions. The historical average
wind speed and average solar radiation from 1950 - 2005 were selected and studied across the

African region, with Lesotho as the main study focus.

4.1.1 Wind Speed

The historical average wind speed in the African region at 10 m a.g.I shows a great deal of both
terrestrial and marine variation amongst the countries, from 1950 - 2005, as shown in Figure
22. The average wind speed (AWS) ranges between 7.5 - 12.0 m/s in the South region of the
continent on the South Atlantic and the South Indian Oceans, the AWS is the highest on this
location but 7.5 - 9.0 m/s was the occurring AWS near terrestrial. The South Atlantic Ocean
has a varying AWS that ranges from between 4.5 - 7.5 m/s but near terrestrial 7.5 - 9.0 m/s is
the occurring AWS. However, the predominant AWS on the Indian Ocean ranges between 4.5

- 7.5 m/s and the near terrestrial, 6.0 - 7.5 m/s was the occurring AWS .

On the North Atlantic Ocean, the average terrestrial wind was found to be in the range of 6.0
- 7.5 m/s on the coastline of West Africa from Mauritania to Liberia and 7.5 - 9.0 m/s from
Western Sahara to Morocco. The average wind speed on the western-central African coastline

was at 3.0 - 4.5 m/s while on the eastern-central African coastline ranged between
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6.0 - 10.5 m/s. The predominant AWS was 6.0 - 7.5 m/s from the coastline of Mozambique to
South Somalia, while 7.5 - 10.5 m/s AWS dominated the rest of the coastline of Somalia. On
the Northern Africa coastline, along the Mediterranean sea, the AWS varies between 4.5 - 7.5
m/s with 4.5 - 6.0 m/s being the predominately AWS. This also extends to along the Red Sea

coastline where 4.5 - 6.0 m/s AWS was also observed.

12.0
10.5
9.0
5
6.0
4.5
3.0
1.5
0.0

Lesotho

Figure 22: Observed Average Wind Speed in Africa from 1950-2005 at 10 m a.g.|

On land in the north, the predominant AWS from west to east Africa was observed to be 1.5 -
6.0 m/s with Chad recording a relatively high AWS of about 4.5 - 6.0 m/s. The AWS in Central
Africa ranged between 0.0 - 3.0 m/s with the countries such as Gabon and Cameroon having
AWS of fewer than 1.5 m/s, the region has the lowest AWS on the continent. The Southern
African Development Community (SADC) has an AWS that ranges between 0.0 - 4.5 m/s.
Only the Democratic Republic of Congo (DRC) has the least AWS of less than 1.5 m/s
predominantly in the northern region. The rest of the region had an AWS of 1.5 - 3.0 m/s but
the countries such as South Africa, Botswana, and Namibia showed strong AWS of 1.5 -
4.5m/s.

The average wind speed observed in Lesotho from 1950 - 2005 at 10 m a.g.l is shown in Figure

23. During this period, the country had an evenly distributed AWS of 1.5 - 3.0 m/s across the
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districts. The country is landlocked witthin South Africa and the same AWS can be observed
along the borders. , the observed AWS implies that Lesotho can be able to generate wind
energy from the wind resource since most of the cut-in-speed of wind turbines is around 2.5
m/s.
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Figure 23: Observed Average Wind Speed in Lesotho from 1950-2005 at 10 m a.g.l

4.1.1.1 Observed Wind Speed Trend in Lesotho

The historical observed wind speed trend against time in Lesotho from 1950 to 2005 is shown
in Figure 24. The trend indicates an average wind speed of about 2.60 m/s, reaching more than
3.00 m/s in some years. The AWS remained constant during this period with a minimum value
of about 1.50 m/s and a maximum AWS of more than 3.00 m/s. Only in 1956, 1975, 1957,
2003 and 2005 did the average wind speed exceed 3.00 m/s.
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Figure 24: Historical Wind Speed in Lesotho

4.1.2 Solar Radiation

The African continent had the best average solar radiation (ASR) especially in the northern and
southern parts of the region indicting a significant potential to generate solar energy, as shown
in Figure 25, where the observed solar radiation from 1950 - 2005 at 10 m a.qg.l is shown. The
ASR in the western countries ranged from 150 - 275 W/m? with Mauritania and the western
Sahara having the best ASR of 225 - 275 W/m? Meanwhile, Nigeria, Benin,

Ghana, Cote D’Ivoire and Togo had the lowest ASR of 150 - 200 W/m? in the western region.
In the central African region, the ASR was ranked the lowest on the continent. It was observed
to range between 125 and 250 W/m? with Chad having the highest ASR of 175 - 250 W/m?
while DRC had the lowest ASR in the region of 125 - 175 W/m?. The eastern African region
had an ASR ranging from 125 - 275 W/m?, with Sudan having the highest ASR up to 275 W/m?
in southern Sudan while Uganda had the lowest ASR in the region as low as 100 - 125 W/m?,
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Figure 25: Observed Average Solar Radiation in Africa from 1950-2005 at 10 m a.g.|

The Northern African countries had one of the highest average solar radiation levels on the
continent. The ASR ranged between 150 and 275 W/m?, with the western Sahara having the
highest ASR of between 225 - 275 W/m? while South Sudan had the lowest ASR of 150-200
W/m?. The Southern African region had an ASR ranging from 175 - 250 W/m? which was the
second highest on the continent. Namibia and South Africa had an ASR in the region of about
225 - 250 W/m? while Zambia had a relatively lower ASR in the region of 175 - 200 W/m?,

The average solar radiation observed in Lesotho from 1950 - 2005 at 10 m a.g.l is shown in
Figure 26, during this period, the country had an evenly distributed ASR of 200 - 225 W/m?
except in the north-east part of the country where Butha-Buthe and Mokhotlong districts are
located. A lower ASR of 175 - 200 W/m? was observed in these parts of Lesotho and the same
ASR was observed along the Quthing district border with South Africa. The observed ASR
implies that the country can have solar energy resources to generate renewable energy.

The rest of the borderline with South Africa had an observed ASR of 200 - 225 W/m?,
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Figure 26: Observed Solar Radiation in Lesotho

4.1.2.1 Observed Solar Radiation Trend in Lesotho

The historical observed solar radiation trend against time in Lesotho from 1950 to 2005 is
shown in Figure 27. The country indicated an average solar radiation of about 275 W/m?
extending to more than 300 W/m? in some years. This remained constant for the 1950 to 2005
period. Since the beginning of the record in 1950, the results showed a minimum ASR of about
140 W/m? and a maximum ASR exceeding 300 W/m.? From 2001 to 2005, the observed data

maintained an ASR of more than 300 W/m? signifying an increase in ASR.
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Figure 27: Historical Solar Radiation in Lesotho

4.2 Projected Period

4.2.1 Representative Concentration Pathway 4.5

Wind Speed

The projected average wind speed (AWS) from 2024-2045 under RCP4.5 against the observed
average wind speed from 1950 to 2005 on the African continent at 10 m above ground level
(a.g.l) is shown in Figure 28. On close observation, the AWS data shows a difference from the
baseline analysis. At 10 m a.g.l, the AWS in the western African coastline is projected to be in
the range of 3.0 - 7.5 m/s. The Mauritania coastline is projected to have the best AWS of 6.0 -
7.5 m/s while the Sierre Leone and Liberia coastline has the least AWS of 3.0 - 4.5 m/s. In
central Africa, the AWS was projected to be in the range of 0.0 - 6.0 m/s which is the lowest
among the regions on the continent. Chad was projected to have the best AWS of 3.0 - 6.0 m/s
in the area while DRC was dominated by the least AWS of 0.0 - 1.5 m/s.

Eastern Africa had an AWS ranging from 0.0 - 6.0 m/s with Somalia having the best AWS in
the region of 4.5 - 6.0 m/s while Ethiopia had the least AWS of 0.0 - 3.0 m/s, along the coastline.
The Eastern African region had a relatively higher AWS of 6.0 - 10.5 m/s than other regions.
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In North Africa, the AWS was determined to be in the range of 1.5 - 6.0 m/s. Western Sahara
had the best AWS of 4.5 - 6.0 m/s on land while on the coastline an AWS of

9.0 - 10.5 m/s was observed. South Sudan had the least AWS of 1.5 - 3.0 m/s in the region.
The AWS along the Mediterranean Sea coastline ranged from 4.5 to 7.5 m/s extending to the
Red Sea. The AWS in Southern Africa was determined to be in the range of 1.5 - 4.5 m/s which
was one of the lowest on the continent. South Africa, Botswana and Namibia had the best
AWS of 3.0 - 4.5 m/s while Angola and Zambia had the worst AWS of 1.5 - 3.0 m/s in the

region.
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Figure 28: Average Wind Speed in Africa at 10 m a.g.l
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The noticeable wind speed changes in the African continent under the RCP4.5 scenario are

summarized in Table 1.

Table 1: Notable Wind Speed Changes in Africa under RCP4.5

Country/Region Baseline Wind Speed (m/s) | Projected Wind Speed
(m/s)
Central Africa 0.0-3.0 0.0-6.0
Chad 15-6.0 3.0-6.0
DRC 0.0-3.0 0.0-15
North Africa 1.5-45 1.5-6.0
Western Sahara 45-6.0 45-6.0
South Sudan 15-3.0 15-3.0
Southern Africa 15-45 15-45
Namibia,  Botswana and | 1.5-4.5 3.0-45
South Africa
Angola, and Zambia 1.5-3.0 1.5-3.0
West Africa 1.5-6.0 30-75
Mauritania 3.0-6.0 6.0-75
Sierra Leone, Liberia 1.5-3.0 3.0-45
East Africa 0.0-6.0 0.0-6.0
Somalia 3.0-6.0 45-6.0
Ethiopia 0.0-3.0 0.0-3.0

The projected average wind speed in Lesotho from 2024 to 2045 under the RCP4.5 against the
observed average wind speed from 1950 - 2045 at 10 m a.g.l is shown in Figure 29,
demonstrating an evenly distributed AWS of 1.5 - 3.0 m/s throughout the country. The
projected AWS was also the same along the country’s borders with South Africa indicating a
slight potential to generate wind energy in the country and along the borders. The projected
AWS was similar to that observed in the baseline period under this scenario while other

countries in the African region experienced a change.
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Projected Wind Speed Trend in Lesotho

The projected average wind speed trend simulated against time from 2024 to 2045 under
RCP4.5 is shown in Figure 30. Overall, from 2024 to 2045 the average wind speed projected
under the RCP4.5 scenario is 2.15 m/s at 10 m a.g.l. The results showed a minimum average
wind speed of 1.50 m/s and a maximum average wind speed of 2.75 m/s, while LMS has
reported monthly mean speed that ranges from 1.4 m/s - 8 m/s which are generally westerly
varying between south-westerly and north-westerly [117]. The projected AWS trend increased
from 2024 to 2031, the simulation show a steady AWS of 2.75 m/s or more with the maximum
record of AWS of 3.00 m/s in 2030. The projected AWS trend from 2031 to 2045 shows a drop
of an AWS slightly on or below 2.75 m/s with 2038 being an exception with a record of
projected AWS of more than 3.00 m/s. The lowest projected average wind speed recorded was

in 2031 with a minimum AWS of 1.55 m/s and a maximum AWS of approximately 2.50 m/s.
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Figure 30: Projected Maximum Wind Speed Trend in Lesotho at 10 m a.g.l under RCP4.5
Scenario

The annual variations in wind speed and direction can be influenced by atmospheric pressure
difference; wind is generated by atmospheric pressure as it moves from an area of high pressure
to an area of low pressure. These pressures can vary over time during the year due to the

variation of meteorological conditions [118]. Topography and terrain (physical landscape
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such as mountains, valleys and urban areas) can also influence wind speed by blockage on

mountains or funnelling through the valleys.

Solar Radiation

The projected average solar radiation (ASR) from 2024 - 2045 under RCP4.5 against the
observed average solar radiation from 1950 - 2005 on the African continent including the
coastlines is shown in Figure 31, the projected ASR shows a variation from the baseline data
observed from 1950 to 2005. The projected ASR is expected to significantly decrease across
the continent under the RCP4.5 scenario indicating an impact on solar energy resources in the
region. In West Africa, the projected ASR was expected to be in the range 175 - 275 W/m?
which is the highest on the continent, Mauritania had the best terrestrial and along the coastline
ASR of 250 - 275 W/m?. The projected ASR arial coverage was similar to the ASR observed
from 1950 - 2005. Sierra Leone, Cote D’Ivore, Ghana, and Nigeria had the lowest ASR of 150-
200 W/m? while Nigeria had the lowest ASR of 125 - 150 W/m? in the region along its

coastline.
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Figure 31:Average Solar Radiation in Africa for at 10 m a.g.l
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Central Africa had a projected average solar radiation ranging from 150 - 250 W/m? which is
the lowest on the continent. The observed aerial coverage of the ASR shown in Figure 31 in
the region increased from that of the baseline period signifying an increased potential to
generate solar energy in the region. Angola showed the best projected ASR of 175 - 225 W/m?
while DRC was dominated by a relatively lower ASR of 150 - 175 W/m? which is the lowest
in the terrestrial region. The coastlines of Cameroon, Equatorial Guinea, Gabon and Congo had
a projected ASR of 75 - 125 W/m? indicating low solar energy along the coastline. In East
Africa, the projected ASR ranged from 125 - 275 W/m? with Sudan and Somalia having the
best ASR of 200 - 275 W/m? in the region, the observed variation from the baseline data was
the decrease in ASR observed in Sudan while it remained constant in Somalia. Ethiopia and
Rwanda had the lowest ASR of 125 - 200 W/m? in the region.

The North African countries had the best evenly distributed average solar radiation on the
continent under this scenario. The ASR in this region ranged from 175 - 275 W/m? which was
an increase from 150 - 275 W/m? observed from the baseline period. The western Sahara had
the best ASR of 225 - 275 W/m? on the land. and along the coastline which was similar to the
observed ASR from the baseline. South Sudan remained the country with the lowest ASR of
175 - 200 W/m? which was an increase from the ASR observed from the baseline data. The
observed ASR in Southern Africa was determined to be in the range of 175-275

W/m? which is an increase from the observed data from 1950 - 2005. Namibia and South Africa
had the best ASR of 200 - 275 W/m? in the region. The Namibian coastline had a higher ASR
of 250 - 275 W/m?, and the aerial coverage of this observed variation increased from the
baseline observed data signifying an impact brought by the climate change. Zambia remained
the country with the lowest ASR of 175 - 200 W/m? in the region.

The summarized noticable solar radiation changes on the African continent under RCP4.5

scenario are outlined in Table 2.

Table 2: Notable Solar Radiation Changes in Africa under RCP4.5

Country/Region

Baseline Solar Radiation

Projected Solar Radiation

(W/m2) (W/m2)
Central Africa 125 - 250 150 - 250
Angola 150 - 200 175 - 225
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DRC 125 - 175 150 - 175
North Africa 150 - 275 175 - 275
Western Sahara 225 - 275 225 - 275
South Sudan 150 - 200 175 - 200
Southern Africa 175 - 275 175 - 275
Namibia and South Africa 200 - 275 200 - 275
Zambia 175 - 200 175 - 225
West Africa 175 - 275 175 - 275
Mauritania 250 - 275 250 - 275
Sierra Leone, Liberia 150 - 200 150 - 200
East Africa 125 - 275 125 - 275
Somalia 200 - 275 200 - 275
Ethiopia and Rwanda 125 - 200 125 - 200

The projected average solar radiation in Lesotho from 2024 - 2045 under the RCP4.5 scenario
against the observed solar radiation from 1950 - 2045 is shown in Figure 32, during this period,
the country projected a dominant display of ASR of 200 - 225 W/m? throughout the country
and the borders, except in the north-east where Butha-Buthe and Mokhotlong districts are
located. The ASR of 175 - 200 W/m? was projected in these parts of the country, the aerial
coverage was less than that observed in the baseline period indicating an increase in ASR
coverage of 200 - 225 W/m? in the country, the borderline between Quthing and South Africa
also had an increase in aerial coverage. The ASR of 200 - 225 W/m? was projected for the rest

of the country's borderline with South Africa.
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Figure 32:Average Solar Radiation in Lesotho from at 10 a.g.l
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Projected Solar Radiation Trend in Lesotho

The projected average solar radiation trend simulated against time from 2024 to 2045 under the
RCP4.5 is shown in Figure 33. In general, the projected average solar radiation under the
RCP4.5 scenario increased from 2024 to 2045 from 140 - 300 W/m? range in 1950 to 2005 to
150 - 280 W/m?2. The results showed a minimum average solar radiation of 150 W/m? and a
maximum average solar radiation of 275 W/m? while the literatures states an average solar
radiation in the range of 5.5 - 7.2 kWh/m?. The projected ASR trend remained constant at more
than 275 W/m? from 2024 to 2029. The projected trend then decreased to ASR below 275 W/m?
from 2030 to 2034 with the year 2030 having an exception of ASR of about 280 W/m?. The
projected ASR increased significantly from 2035, reaching the values above 300 W/m? with
2035, 2039, 2042, and 2043 having ASR of about 340 W/m?, the projected lowest ASR is in
2034 at 255 W/m? and a maximum of 255 W/m?.
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Figure 33: Projected Maximum Solar Radiation Trend in Lesotho at 10 m a.g.l under RCP4.5
Scenario

The impact of climate change on the projected maximum solar radiation under RCP4.5 has the
potential to increase or to decrease, depending on the cloud dynamics in certain regions, this
scenario assumes moderate atmospheric concentrations hence moderate impact is expected on

the energy industry in Lesotho. Over time, the policies aimed at reducing the
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presence of aerosols and improving air quality over Lesotho clouds led to increased solar

radiation reaching the surface at 10 m above ground level.

4.2.2 Representative Concentration Pathway 8.5 (RCP8.5)

Wind Speed

Shown in Figure 34 is the average wind speed on the African continent between 2024 and 2045
under scenario RCP8.5 against the observed average wind speed from 1950 - 2005 at 10 m
a.g.l. The projected AWS data indicates a deviation from the baseline analysis. The AWS along
the West African coastline is expected to be between 1.5 and 7.5 m/s. The Mauritania coastline
is predicted to have the best AWS is 6.0 to 7.5 m/s while the lowest AWS is 3.0 - 4.5 m/s
between the coastlines of Liberia and Sierre Leone. Nigeria, Liberia, and Sierra Leone recorded
the worst AWS of 1.5 — 3.0 m/s on land. In central Africa, the AWS was projected to be in the
range of 0.0-6.0 m/s which is the lowest among the regions on the continent. Chad was
projected to have the best AWS of 1.5 - 6.0 m/s in the area while DRC is dominated by the
least AWS of 0.0 - 1.5 m/s.

The AWS in East Africa was in the range of 0.0 - 6.0 m/s, with Somalia having the best AWS
in the region at 4.5 to 6.0 m/s and Ethiopia having the lowest AWS at 0.0 to 3.0 m/s. Along the
coastline, the regional AWS was between 6.0 and 9.0 m/s, which was higher than the terrestrial
average. The AWS in North Africa was found to be between 1.5 and 6.0 m/s on land. Western
Sahara had the best AWS of 4.5 to 6.0 m/s, while on the coast, an AWS was recorded to be
between 7.5 and 9.0 m/s. South Sudan had the lowest AWS in the region, measuring between
1.5 and 3.0 m/s. From the Mediterranean Sea to the Red Sea, the AWS was between 4.5 and
7.5 m/s. The AWS in Southern Africa was determined to be in the range of 1.5 - 4.5 m/s which
was one of the lowest on the continent. South Africa, Botswana, and Namibia had the best
AWS of 3.0 - 4.5 m/s while Angola and Zambia had the worst AWS of

1.5 - 3.0 m/s in the region.
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Figure 34: Average Wind Speed in Africa for at 10 m a.g.l
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The notable wind speed changes on the African continent under the RCP8.5 scenario are
summarized in Table 3.

Table 3: Notable Wind Speed Changes in Africa under RCP8.5

Country/Region Baseline Wind Speed (m/s) | Projected Wind Speed
(m/s)
Central Africa 0.0-3.0 0.0-6.0
Chad 1.5-6.0 1.5-6.0
DRC 0.0-3.0 0.0-3.0
North Africa 15-45 15-6.0
Western Sahara 45-6.0 45-6.0
South Sudan 15-3.0 15-3.0
Southern Africa 15-45 15-45
Namibia,  Botswana and | 1.5-4.5 15-45
South Africa
Angola, and Zambia 1.5-3.0 15-45
West Africa 1.5-6.0 1.5-6.0
Mauritania 3.0-6.0 3.0-6.0
Sierra Leone, Liberia 15-3.0 15-3.0
East Africa 0.0-6.0 0.0-6.0
Somalia 3.0-6.0 45-6.0
Ethiopia 0.0-3.0 0.0-3.0

The projected average wind speed in Lesotho under the RCP8.5 scenario from 2024 to 2045
against the observed average wind speed at 10 a.g.l is shown in Figure 35 and it demonstrated
an evenly distributed AWS of 1.5 to 3.0 m/s country-wide. The projected AWS was also the
same along the country’s borders with South Africa indicating the potential to generate wind

energy in the country and along the borders. However, other African countries demonstrated a

68



change under this scenario while Lesotho indicated an anticipated average wind speed being

identical to that of the baseline period and the RCP4.5 scenario.
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Figure 35: Average Wind Speed in Lesotho for at 10 m a.g.|
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Projected Wind Speed Trend in Lesotho

The projected average wind speed trend shown in Figure 36 was simulated against time from
2024 to 2045 under the RCP8.5 scenario. The results indicate a minimum average wind speed
of 1.50 m/s and a maximum average wind speed of approximately 2.75 - 3.00 m/s at 10 a.g.l.
in comparison to the literature of 1.4 m/s - 8 m/s in the westerly region of the country. From
2024 to 2028, the predicted AWS stayed over 2.75 m/s, with 2028 having the highest predicted
record of 3.00 m/s. The AWS trend was projected to decrease from 2029 to 2033; in 2029, an
AWS of around 2.80 m/s was projected, however, from 2030 to 2033, an AWS of 2.50 - 2.75
m/s was reported. The simulation then showed a consistent AWS exceeding 2.75 m/s from
2034 to 2045 with the maximum record of AWS exceeding 3.00 m/s in 2042 and 2045. The
projected AWS trend from 2034 to 2038 showed a decrease of an AWS slightly below 2.75
m/s with 2034 and 2035 indicating an outlier with a projected AWS of more than 2.75 m/s. The
lowest projected AWS was in 2042 with a minimum AWS of 1.55 m/s and a maximum AWS
of approximately 2.40 m/s.
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Figure 36: Projected Maximum Wind Speed Trend in Lesotho at 10 m a.g.l under RCP8.5
Scenario

Significant temperature changes and atmospheric pressure variations are expected under the
RCP8.5 scenario, hence the projected maximum wind speed variation is expected to be

sinusoidal to these changes. Stronger seasonal conditions brought by global warming will result



in extreme wind speed and the changed weather systems can lead to more natural disasters such

as cyclones which will affect wind speed patterns in the country.

Solar Radiation

Shown in Figure 37 is the projected average solar radiation (ASR) for the African continent,
including the coastlines from 2024 to 2045 against the observed average solar radiation from
1950 - 2005 at 10 m a.g.l. The projected ASR varied greatly from the RCP4.5 scenario shown
in Figure 31, suggesting that climate change will have an impact on the ability of the region.
ability to generate solar energy, the projected results also showed a slight resemblance to the
average solar radiation from baseline data. The highest projected ASR on the continent was
expected to be found in West Africa in the range of 175 - 275 W/m? with Mauritania having
the best projected ASR on the continent in the range of 250 — 275 W/m?, both on land and along
the coastline. In the West Africa region, the projected ASR area coverage was more in line with
the ASR observed from the baseline and RCP4.5 scenario. Sierra Leone, Cote D’Ivore, Ghana
and Nigeria had the lowest ASR of 150 - 200 W/m? while Nigeria had the lowest ASR of 125
- 150 W/m? in the region along the coastline.
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Figure 37: Average Solar Radiation in Africa for at 10 m a.g.1
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The projected ASR for Central Africa was the lowest on the continent, ranging from 150 to 225
W/m?. The observed ASR in this region was different from the baseline period and probably
similar to the ASR observed in the RCP4.5 scenario as shown Figure 31. Angola outperformed
the rest of the terrestrial region with a projected ASR of 175 - 225 W/m?, while the DRC had
the lowest ASR of 150 - 175 W/m?. The projected ASR along the coastlines of Cameroon,
Equatorial Guinea, Gabon and Congo was in the range of 75 - 125 W/m?, indicating a low
potential to generate solar energy along the coastline under this scenario. The projected range
of ASR in East Africa was 125 - 275 W/m?, with Sudan and Somalia having the highest ASR
in the region of 200 - 275 W/m?. The ASR projected in Sudan and Somalia remained constant
in the area coverage under this scenario whereas Rwanda and Ethiopia have the lowest ASR in

the region, ranging from 125 to 200 W/m?.

In this scenario, the North African countries exhibited the most evenly distributed ASR across
the continent; ASR in this region ranged from 175 - 275 W/m?, an increase over baseline data
observed between 1950 and 2005 of 150 - 275 W/m?. The western Sahara exhibited the best
ASR in the range of 225 — 275 W/m? on land and along the shore, matching the baseline
recorded ASR. Meanwhile, South Sudan maintained its position as the country with the lowest
ASR, at 175 - 200 W/m?, an increase above the baseline reported ASR of 150 — 200 W/m?.
The observed ASR in Southern Africa was determined to be in the range of 175 - 275 W/m?
which is an increase from the ASR of 175 - 250 W/m? observed from 1950 - 2005 baseline
period. The countries with the highest ASRs in the region were Namibia and South Africa, with
200 — 275 W/m? .The Namibian coastline had a higher ASR of 250 — 275 W/m?. The area
coverage of this observed variation increased from the baseline data, indicating an impact
brought about by climate change. Zambia continued to have the lowest ASR in the region, at
175 - 200 W/m?. The summarized notable solar radiation changes in the African continent
under the RCP8.5 scenario are outlined in Table 4.

Table 4: Notable Solar Radiation Changes in Africa under RCP8.5

Country/Region Baseline Solar Radiation Projected Solar Radiation
(W/m?) (W/m?)
Central Africa 125 - 250 150 - 225
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Angola 150 - 200 175 - 225
DRC 125 - 175 150 - 175
North Africa 150 - 275 175 - 275
Western Sahara 225 - 275 225 - 275
South Sudan 150 - 200 175 - 200
Southern Africa 175 - 275 175 - 275
Namibia and South Africa 200 - 275 200 - 275
Zambia 175 - 200 175 - 200
West Africa 175 - 275 175 - 275
Mauritania 250 - 275 250 - 275
Sierra Leone, Cote D’Ivore, | 150 - 200 150 - 200
Ghana, and Nigeria

East Africa 125 - 275 125 - 275
Somalia 200 - 275 200 - 275
Ethiopia and Rwanda 125 - 200 125 - 200

Projected in Figure 38 is the average solar radiation in Lesotho under the RCP8.5 scenario for
the years 2024 — 2045 against observed solar radiation from 1950 - 2005 at 10 m a.g.l. The
country predominantly displayed ASR of 200 — 225 W/m? across its borders and across the
country, with the exception of the eastern region, which is home to the Mokhotlong district.
An ASR of 175 - 200 W/m? was projected in this part of the country, with the area coverage
being less than that observed in the baseline period and the RCP4.5 scenario in Figure 26 and
Figure 32 respectively, indicating an increase in ASR coverage of 200 - 225 W/m? in the
country. The borderline between Quthing and South Africa also had an increase in aerial
coverage of 200 - 225 W/m?. An ASR of 200 - 225 W/m? was projected for the rest of the

country's borderline with South Africa.
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Projected Solar Radiation Trend in Lesotho

Shown in Figure 39 is the projected average solar radiation trend simulated versus the time
from 2024 to 2045 under the RCP8.5. The results indicate a minimum average solar radiation
of 150 W/m? and a maximum average solar radiation of 275 W/m? at 10 ma.g.l. In comparison,
the stated literature solar radiation within the country is in the range 5.5 - 7.2 kWh/m2. The
projected ASR trend increased from 2024 to 2030, reaching a value of more than 300 W/m? in
2030; the lowest ASR of approximately 240 W/m? during this period was recorded in 2027.
From 2030 to 2045, the projected trend decreased to ASR below 275 W/m?, except 2035, 2039,
and 2043, when ASR exceeded 300 W/m?. The projected lowest ASR recorded was in 2035

with a minimum of 150 W/m? and a maximum of about 250 W/m?.
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Figure 39: Projected Maximum Solar Radiation Trend in Lesotho at 10 m a.g.l under RCP8.5
Scenario

Under the RCP8.5 scenario, significant solar radiation changes are expected due to the higher
greenhouse emissions, leading to a rapid increase in atmospheric concentrations. Over time,
without preventative policies limiting the release of pollutants into the atmosphere, aerosols
will increase and absorb some solar radiation, reaching the surface over Lesotho and reducing
solar radiation. Increased temperatures under this scenario in the country will lead to significant

vegetation cover and land use which will affect the absorption of solar radiation.
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4.2.3 Discussion

The projected average wind speed in Lesotho from 2024 - 2045 under the RCP4.5 was 2.15
m/s at 10 m a.g.l, ranging from 1.50 — 3.00 m/s while the projected average solar radiation is
200 - 225 W/m?, except in the north-east where 175 — 200 W/m? is projected in the Mokhotlong
district. In general, the projected average solar radiation range under the RCP4.5 scenario
increased from 2024 to 2045 from 140 — 300 W/m? range from 1950 to 2005 to 150-280 W/m?
while the projected average wind speed trend slightly increased from 1.25 — 3.00 m/s in 1950
- 2005 to 1.30 — 3.00 m/s in 2024 - 2045. Under RCP8.5, the projected average wind speed in
the country was 2.15 m/s at a.g.l. with a range of 1.50 — 3.00 m/s. Overall, the average wind
speed indicated an increasing trend from 2024 to 2045 under this scenario. The projected
average solar radiation was consistent at 200-225 W/m,? with the exception of Mokhotlong
district where average solar radiation of 175 - 200 W/m? was projected. An increasing trend of

the average solar radiation is projected from 2024 to 2045.

The RCP4.5 scenario implies a future where there are mitigations against the impact of climate
change and global warming is limited but still exceeds 2°C above the pre-industrial level, while
RCP8.5 assumes a future where global warming exceeds 4°C above the preindustrial level and
no efforts taken to mitigate global warming. RCP4.5 scenario is likely to occur due to the global
efforts to mitigate global warming, coupled with the United Nations sustainable development
goals and the Paris Agreement aimed at mitigating climate change below 2°C. Lesotho is
committed to the global warming mitigation efforts hence the country has presented a
Nationally Determined Contribution to strengthen the global efforts of both mitigation and

adaptation.
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Conclusions and Recommendations

In this study, Jupyter Notebook software was utilized to study the potential impact of climate
change on wind speed and solar radiation in Lesotho using a CORDEX-Africa regional climate
model to simulate past, present, and future climate conditions under different scenarios at 10
m above ground level. The historical wind speed and solar radiation in Lesotho were simulated
with a baseline from 1950 to 2005 established for the two variables, an average wind speed in
the range of 1.5 - 3.0 m/s was observed throughout the baseline period while the observed
average solar radiation during the same period was at 200 - 225 W/m? range except in the north-
east part of the country where Butha Buthe and Mokhotlong districts are located where average

solar radiation of about 175 - 200 W/m? was observed.

Under the RCP4.5, the results showed a minimum average wind speed of 1.50 m/s and a
maximum average wind speed of 2.75 m/s with the year 2030 recording a maximum of 3.00
m/s. The projected average wind speed from 2024 to 2045 under this scenario was 2.15 m/s at
10 m a.g.l. The projected solar radiation showed a minimum average solar radiation of 150
W/m? and a maximum average solar radiation of 275 W/m?, with some years recording about
340 W/m? average solar radiation. The scenario indicated that Lesotho will not be negatively

affected by the renewable energy generation through wind and solar resources.

Under the RCP8.5, the results showed a minimum average wind speed of 1.50 m/s and a
maximum average wind speed of 3.00 m/s, however, the years 2042 to 2045 recorded an
average wind speeds above 3.00 m/s threshold. The projected solar radiation showed a
minimum average solar radiation of 150 W/m? and a maximum average solar radiation of 275
W/m?. Under this scenario, the projected average solar radiation showed an increased trend
from 2024 to 2045 with the year 2043 recording the highest maximum average solar radiation
of about 370 W/m2. The scenario also indicates that Lesotho will not be negatively affected by

renewable energy generation through wind and solar resources.

The projected stability and increase in wind speed and solar radiation in Lesotho up to 2045
suggest significant opportunities for sustainable energy development, which aligns with both
global and national commitments to reduce greenhouse gas emissions and to combat climate
change. The increased renewable energy capacity will enhance energy security by reducing

Lesotho's reliance on imported fossil fuels and providing a more stable and predictable energy

83



supply. Investment in these renewable energy infrastructures can drive economic growth by

creating jobs, attracting foreign investment, and fostering technological innovation.

The following recommendations should be considered to harness the potential of renewable
energy in Lesotho. A significant investment into renewable energy is essential to take
advantage of available resources. Wind farms should be developed, and the expansion of solar
energy projects in new areas with high solar radiation, such as Butha Buthe, Quthing, and

Mokhotlong districts.
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