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The energy sector of today’s Rwanda has made a remarkable growth to some extent in recent years. Although Rwanda has natural
energy resources (e.g., hydro, solar, and methane gas, etc.), the country currently has an installed electricity generation capacity of
only 226.7 MW from its 45 power plants for a population of about 13 million in 2021. The current national rate of electrification in
Rwanda is estimated to 54.5% (i.e; 39.7% grid-connected and 14.8% off-grid connected systems). This clearly demonstrates that
having access to electricity is still a challenge to numerous people not to mention some blackout-related problems. With the
ambition of having electricity for all, concentrated solar power (CSP) and photovoltaic (PV) systems are regarded as solutions to
the lack of electricity. The production of CSP has still not been seriously considered in Rwanda, even though the technology has
attracted significant global attention. Heavy usage of conventional power has led to the depletion of fossil fuels. At the same
time, it has highlighted its unfriendly relationship with the environment because of carbon dioxide (CO,) emission, which is a
major cause of global warming. Solar power is another source of electricity that has the potential to generate electricity in
Rwanda. Firstly, this paper summarizes the present status of CSP and PV systems in Rwanda. Secondly, we conducted a
technoeconomic analysis for CSP and PV systems by considering their strengths, weaknesses, opportunities, and threats
(SWOT). The input data of the SWOT analysis were obtained from relevant shareholders from the government, power
producers, minigrid, off-grid, and private companies in Rwanda. Lastly, the technical and economical feasibilities of CSP and PV
microgrid systems in off-grid areas of Rwanda were conducted using the system advisor model (SAM). The simulation results
indicate that the off-grid PV microgrid system for the rural community is the most cost-effective because of its low net present
cost (NPC). According to the past literature, the outcomes of this paper through the SWOT analyses and the results obtained
from the SAM model, both the CSP and PV systems could undoubtedly play a vital role in Rwanda’s rural electrification. In
fact, PV systems are strongly recommended in Rwanda because they are rapid and cost-effective ways to provide utility-scale
electricity for off-grid modern energy services to the millions of people who lack electricity access.
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1. Introduction

Until recently, electrical energy is seen as a basic need in
human life everywhere in the world. However, Rwanda along
with many other countries is struggling from a severe lack of
access to electricity. Frequent outage due to unbalance
between supply and consumer demand continues to rise
because of the rise in the Rwanda population as well as the
world, the growth of industrial activities, and the improve-
ment of living standards; the electricity demand for the pop-
ulation is growing day by day and has become a major
concern, and it will also be much more needed in the years
to come. The little dependency on solar energy and a small
amount of hydropower in Rwanda is behind the lack of elec-
tricity access. Traditional fossil fuels such as oil and coal are
continually depleted, causing emissions of carbon dioxide
and global warming [1].

Solar energy is seen as one of the most promising sources
of energy for producing electricity. On the surface of the
earth, the energy obtained from the sun is around 885 million
TWh, and this energy is projected to be 6200 times the com-
mercial power needs of the world’s population [2]. Each
hour, 430 quintillion Joules of energy from the sun reaches
the earth [3]. Solar energy production has traditionally been
expensive and fairly inefficient, although there has been an
improvement over the previous two decades. This is so
because the worldwide amount of energy obtained from
solar energy increased 300-fold from 2000 to 2019 [4]. The
solar radiation beam is a key to CSP to generate electricity
by using mirrors that focus onto a small area and concen-
trates the solar energy to energize the heat transfer fluid
(HTEF). The solid or gas is heated up to higher temperatures
for generating steam required to move a heat engine for the
generation of electricity, instead of using fossil fuels or
nuclear reactions [5].

Unlike conventional power plants, concentrated solar
power or solar thermal systems have an environmentally
suitable electricity source, with no carbon dioxide emissions
and no need for fuel consumption but sunlight [6]. The only
concern on the environment of concentrating solar power
plants (CSPs) is land use. Even though the land usage of con-
centrating solar power plants seems to be larger than that of a
fossil fuel plant, it was found that the extra land for load
building and mining exploration has led to approximately
equal usage of the amount of land [7]. Other benefits of con-
centrating solar power plants include low operating costs
and the ability to produce power during high-energy
demand periods and to help increase the country’s energy
security and independence from foreign oil imports. Because
CSPs store energy, they can operate in cloudy weather and
after sunset. When combined with fossil fuels as a hybrid
system, they can operate around the clock regardless of the
weather [8].

Solid and liquid storage media are a sensible heat storage
media used for thermal energy storage for CSP systems, and
reversible chemical reactions like latent heat storage using
phase change materials (PCMs) and thermochemical storage.
The following variables are considered when implementing a
thermal energy system (TES) for a CSP farm: (1) maximum
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load and specific enthalpy drop in load, (2) operational strat-
egy, (3) nominal temperature, and (4) integration into the
power plant [9]. Several studies have studied the cost of
TES, taking into account the different elements involved,
including storage media, tanks, and other expenses.

Since Rwanda lies within the tropical and subtropical
regions, it obtains large amounts of solar irradiation that is
ideal for power generation. In recent years, Rwanda’s peer
influence on solar energy has increased and the production
of electricity using solar energy is relatively inexpensive and
suitable for rural and urban centers [10].

As Rwanda’s weather condition is relatively stable, we
can turn on emphasizing the availability of CSP generation
during the dry and hot season, with CSP’s ability to just pro-
vide firm capacity for eight hours a day, as data were reported
daily throughout the year [5].

The fast integration of TES allows CSP to be dispatchable
and unique out of all the other alternative options for gener-
ating renewable energy. As an intermediate phase for elec-
tricity generation, a TES system provides a highly efficient
heat storage process [11]. It may minimize short load fluctu-
ations and shifts or expand the energy supply, based on the
size of the TES device. The economic benefit of CSP with
TES is that it provides energy at times of strongest need with
typically the maximum electricity costs [9].

The PV system is another way to produce electric power
because they absorb sunlight and transforms part of it into
electricity. There are no practical parts in motion that wear
out, no fluids or gases (except in hybrid systems) can escape,
there is no need for fuel to function, it has a rapid response, it
can immediately attain full output, and it is able to operate at
moderate temperatures [12]. The growth of Rwanda’s solar
energy infrastructure may boost energy security levels
because it is an independent energy supply for imports.

The purpose of this research is twofold as follows: (a) to
summarize the present status of CSP and PV systems in the
Rwanda power sector, to see how the implementation of
some new energy technologies can be the best strategies for
rural electrification, and (b) to examine a technoeconomic
analysis for CSP and PV systems using the system advisor
model based on the data from the selected area and down-
loaded from NSRDB and SWOT analysis based on data
collected from the top power producers in Rwanda. Also,
the best option based on the past successful regional projects
will be recommended after a comprehensive analysis.

2. Concept of CSP Technologies

CSP is an in-depth business methodology for electricity gen-
eration exploitation alternative from solar energy. CSP is
suitable for areas with a lot of solar radiation and a lot of
daylight hours. In CSP technologies, incoming sunlight is
focused on a small target area through mirrors or lenses,
resulting in medium- or high-temperature heat, depending
on the technology [13, 14].

A CSP plant typically consists of a solar field, TES system,
and power block as mentioned in Figure 1. The solar field is
referred to as thermal energy production, and solar multiple
(SM) determines the size of a solar field [15]. The solar field
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FiGure 1: Concept of the CSP technology.

focuses solar radiation into a specific point (point focus) or
line (line focus) where the heat transfer fluid is located in
order to heat it. This HTF that has been heated can be used
either directly or indirectly [16]. Directly, water is employed
as HTF for direct steam generations; whereas within the indi-
rect case, totally different HTFs like artificial oil, liquid salt,
and Therminol VP-1 are accustomed to heat water for a
steam generation [16]. While direct HTF is less expensive,
commercial steam storage is insufficient. Indirect HTFs, on
the other side, are more costly but can be stored. As a result,
indirect HTFs are commonly used in CSP plants around the
world [17].

The solar-heated HTF passes into the TES system, which
stores extra energy for unceasing activity. As a result, the
HTF is used to generate steam throughout the steam genera-
tor, which then drives the power unit to generate electricity.
There are different kinds of CSP technologies depending on
the structure and the way radiation is focused, with the same
purpose of generating electricity but resulting in different
temperature levels. According to the concentration tech-
nique, CSP is classified into 4 main types as listed [18, 19].
CSP static receivers stay put, unaffected by the focusing sys-
tem, while mobile receivers follow it around. Furthermore,
line focusing receivers focus solar radiation onto a single spot
of line, while point focusing receivers project solar radiation
onto a specific point of a receiver.

There are various CSP technologies as shown in Figure 2,
but their operating system is the same. The structure and the
focus of each of these systems are different, so they result in
different temperature ranges that are generated [19].

2.1. Parabolic Trough Systems. The parabolic trough (PT)
CSP is a very well-tested and mature solar power plant
designed for CSP [16, 17, 20] as shown in Figure 3. This is
why in comparison to other CSP configurations, PT plants
are more commonly commercialized [17]. A series of para-
bolically curved mirrors/collectors and receivers make up
the PT system. Solar radiation is focused on the receivers,
which are loaded with HTF, by the collectors. Thermal stor-
age is used to direct heat HTF to the power unit for power
generation. Material demand and land use considerations
are reduced due to a single-axis tracking system that follows
solar radiation. This is why the PT plant’s initial cost is less
than that of double-tracking systems [17]. In most CSP
plants, the power block uses a steam turbine to generate elec-
tricity, which consists of a boiler/steam generator. As a result,
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FiGURE 2: Flow diagram shows different CSP systems.

CSP plants can be easily integrated with traditional power
plants [17].

2.2. Linear Fresnel Reflector Systems. The linear focusing CSP
concentrates solar radiation on a linear absorber tube to keep
the reflectors focused on a single axis fixed on the top (see
Figure 4). The HTF inside the linear absorber tube can be
oil or steam, which transfers the absorbed heat onto a steam
turbine for the power cycle. The arrangements allow reflec-
tive glass strips to concentrate on an elevated linear receiver
rotating around an independent parallel axis, which then in
fact transfers the heat to the HTF. Unlike PT systems, linear
fresnel reflector (LFR) systems detach the receiver from the
reflectors, eliminating needed resources and the need for
high-pressure rotating components. The cost of the LFR sys-
tem is reduced due to the simplicity of the mirror’s usage and
small land usage [16].

2.3. Solar Tower System (STS). Solar tower technology con-
centrates solar radiation on a receiver at the upper point of
the tower that generates higher temperatures. As noted in
Figure 5, the mirrors in a solar power tower receive sunlight
with the use of two axes for tracking the sun. Different helio-
stats of the solar tower are responsible for concentrating solar
radiation on the receiver, which in turn are used to transfer
the heat from absorbed radiation to the HTF, and later,
HTF transfers the energy to the start power cycle fluid [22].
STS has a concentration ratio of 300-1000, resulting in
higher working temperatures [16, 23]. This is why, as com-
pared to other CSP configurations, the STS plant has a
greater efficiency (20%-35%) [16, 23]. The initial/capital cost
of the STS plants is high due to dual tracking and relatively
large land needs. It is worth noting that STS systems contin-
ued to dominate the CSP market after PT systems were
phased out [24].

2.4. Parabolic Dish Concentrator. Parabolic dish concentra-
tors with a point focus device are composed of two main
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parts (in Figure 6), namely, parabolic reflectors and solar  reflective material, the parabolic mirrors are constructed into
thermal receivers, which are located at the focal point [25]. a parabolic shape that concentrates incoming sunlight on a

The Stirling engine technology also uses a parabolic dish ~ central receptor tube at the focal line of the collector. Para-
concentrator to generate electricity. In the shape of a sheet of ~ bolic dish technology can reduce the load on centralized
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FIGURE 6: A diagram of the parabolic dish concentrator.

power plants [26]. The dish Stirling engine of the parabolic
dish concentrator has comparatively good efficiency at
approximately 30% and consists of an advanced Stirling
converter, which is a linear alternator that directly generates
electricity from the countering motion [27].

Stirling engines that are popular and do not require big
water cooling systems like steam engines because as it is
heated and cooled; they are powered by hydrogen gas
expansion-contraction [28].

Direct normal irradiation (DNI) is the sum of solar radi-
ation that is perpendicular (normal) to the unit area received
from the incoming sun rays, depending on the time of the
day. DNI should be at least 2000 kWh/m? per year to sustain
a feasible energy production plant [29]. To estimate the
expected energy production from future projects, the accu-
racy of the DNI data is very critical. Depending on each
country’s location as illustrated in Table 1, DNI values are
different for various countries.

3. Concept of Photovoltaic Cell Based on
Power Generation

A solar cell, also known as a photovoltaic cell (PV), is a device
that uses the photoelectric effect to transform light into an
electric current without interfering with any heat engine.
When presented to light, a solar cell which is a solid-state
device made up of thin layers of semiconductor materials
generates an electric current.

The following modules are the commonly examined in
the study: (1) crystalline silicon (c-Si), (2) laser grooved bur-
ied contact (LGBC) ¢-Si, (3) polycrystalline silicon (p-Si), (4)
triple-junction amorphous silicon (3j a-Si), (5) copper
indium diselenide (CIS), and (6) cadmium telluride [34].
The PV industry, on the other hand, has been able to dramat-
ically reduce production costs and sale prices [35] by mass
producing a large number of identical cells and modules in
order to achieve a maximum economy scale. The PV indus-
try as a whole has shown that this is possible, thanks in part
to business incentives in Germany and other countries for
their large contribution. Based on the end-user, there are
two categories of solar PV systems: (a) grid-connected sys-
tems produce direct current (DC) power and are connected
to the grid, which are first to convert DC into the compatible
grid alternating current (AC) power and (b) autonomous
systems (off-grid systems or stand-alone systems) produce
electricity and operate on an independent basis and are usu-

ally installed at isolated sites in remote areas where the power
grid is far away [36]. Figure 7 demonstrates various compo-
nents for solar power production.

The PV cell technology is categorized into two main types
and another special one (see Figure 8); they are all made of
light-sensitive semiconductor materials that dislodge elec-
trons using photons to transfer electrical current.

4. Potential of Solar Energy in Rwanda

Rwanda is a small Sub-Saharan African country situated just
under two degrees below the equator in East Africa with a
12,089,721 (March 2018) [38] population on the land surface
of 26,338km”. 94.7% of the overall surface is land and the
remaining 5.3% is water occupied [39].

Geographically, it is enclosed with latitudes of 1.050 and
2.840°S and longitudes 28.860 and 30.900°E [40]. Rwanda
usually experiences two annual rainy seasons a year, supply-
ing water to the country’s various river systems. The US
National Air and Space Agency (NASA) and the University
of Rwanda have measured solar radiation and solar resources
in Rwanda. The report found that the Eastern Province of
Rwanda has the strongest potential to generate electricity
from solar resources.

In cooperation with the MININFRA Department of
Meteorology, the approximate mean monthly solar irradi-
ance ranges from 4.3 to 5.2kWh per square meter per day
across all regions of Rwanda though remains mostly unex-
ploited [41, 42]. The data collected showed that the mini-
mum value of global solar radiation for the Kigali station
(Rg = 4942 Wh/m?/day, Rg =4960 Wh/m?/day) arises in
May, while the maximum value (R; = 5721/m?/day, R =
5738 Wh/m?/day) occurs in May, based on research carried
out in the global solar radiation estimation in Rwanda [42].
In recent decades, Rwanda has achieved rapid economic
growth and is gifted with ample energy resources like hydro,
solar, peat, gas, and biomass, but not fully exploited. Figure 9
shows that it presently has only around 226.7 MW of electric-
ity installed used to supply the entire country [43].

Therefore, petroleum-based fuels, hydro, solar, methane
gas, peat, geothermal, biomass, waste, and wind [44] are con-
sidered to contribute to electricity generation in Rwanda.
Although Rwanda is in the proper direction to increasing
access to electricity, reports indicate that the cost of supply-
ing electricity is among the uppermost in the region and con-
tinues to restrict the economic and industrial growth of the
country [45]. It is by 2024 that the National Transformation
Plan intends to provide universal access to affordable elec-
tricity [10].

As shown in Figure 10, the basic energy resource utiliza-
tion in Rwanda indicates that biomass covers 85% of the
main energy consumed, where wood comprises 57%, char-
coal 23%, crop residues, and peat 5% [46]. Nonbiomass
sources contribute 15%, where petroleum products have
11% and electricity contribute approximately 4%.

4.1. Current Status of CSP and PV Technologies in Rwanda.
Renewable energy is naturally available with no limited sup-
ply; this means that it can be used endlessly. However, only
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TastLE 1: Threshold values of DNI in some countries.
Researchers The threshold value of annual DNI (kWh/mzlyear) References
Dawson and Schlyter, Australia, 2012 1,800 [30]
Breyer and Knies, Germany, 2009 2,000 [31]
South Africa, 2009 2,100 [32]
Purohit and Purohit, 2010 1,800 [33]
Qatar 2013 2,200 [32]
Australia 2013 2,564 [32]
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FIGURE 7: PV systems convert solar energy into electrical power
with various components.

three renewable energy sources (biomass, geothermal, and
solar) can be used to generate ample heat energy in Rwanda
to generate electricity. Since geothermal sources are restricted
to a few areas, solar energy has the greatest global potential
and the supply of biomass does not exist everywhere in
nature [18]. In parallel with the Global Solar Atlas, solar
resource maps were published for Rwanda by the World
Bank Group, funded by ESMAP, and prepared by Solargis
in 2017 [48]. With a possible 4.5kWh per m? per day and
approximately 5 peak hours of sunlight, solar energy in
Rwanda has enormous potential. Rwanda’s total on-grid
installed solar energy is 12.08 MW but CSP here remains
untouched [49]. Figure 11 shows the global horizontal irradi-
ation for Rwanda, which indicates that the country can
benefit from solar energy in different locations and weather
conditions, in particular the eastern province which is known
for its high irradiance values [50].

PV and CSP penetration levels in the country are not very
high, and it is known that solar panels contribute a lot to the
mitigation of climate change since they promote a green
economy. Rwanda’s energy mix shows that solar energy has
not reached a high level of production compared to the
potential of solar radiation, where thermal is 27%, methane
14%, peat 7%, solar 6%, import 3%, and hydro 57% [52].
Solar PV is not sufficiently popular in Rwanda, although it
is heavily connected to transnational actors like outside
donors, nongovernmental organizations (NGOs), and other
private sector operatives, which have helped in developing
and executing Rwanda’s response to its rising energy
requirements.

The total on-grid installed solar energy in Rwanda is
12,230 MW from 5 solar power plants, i.e., Jali power plant
0.25MW, Rwamagana Gigawatt 8.5MW, Nasho Solar
33MW, Nyamata solar 0.03MW, and Ndera solar
0.15 MW (see Table 2) [53, 54].

A major restriction to the implementation of such sys-
tems is the high initial cost of PV systems. Luckily, the gov-
ernment of Rwanda is committed to supporting renewable
energy options, such as imported solar equipment is
exempted from all taxes [46]. Also, people are encouraged
to use energy-efficient equipment. This can be seen in the
continuous substitution of incandescent bulbs with compact
fluorescent lamps (CFLs), which save electricity [55]. Energy-
efficient appliances enable individuals to reduce their
monthly electricity bills, in terms of making cost-effective
solar systems. Besides, the use of energy-saving equipment
enables the utility to reach more clients, one of the goals of
the Economic Development and Poverty Reduction Strategy
(EDPRS) [56].

The Rwandan government is targeting to raise solar
power plants. To minimize the cost of electricity access, indi-
viduals are encouraged to use stand-alone solar PVs. Taking
advantage of available renewable sources in Rwanda and less-
ening the production cost are the cornerstone as the govern-
ment is targeting 100% electricity access by 2024 [10].

The purpose of the government of Rwanda (GoR) is to
increase the number of solar power plants. Figure 12 below
shows a 17-hectare solar field located near the Agahozo
Shalom Youth Village in Rwamagana with 28,000 panels,
which was built by private power companies. It is the first
large-scale commercial solar field in East Africa, producing
8.5 megawatts of energy at its height, and generates 4% of
the country’s total power capacity [57]. This has provided
power to more than 15,000 homes and is the largest solar
plant in Africa. This ensures Rwanda’s commitment to
solar energy. Regardless of the amount of solar power
capacity available, Rwanda still has many people without
access to electricity [49].

In Rwanda, the daily solar insolation varies between
4kWh/m?/day and 5kWh/m?/day from the Photovoltaic
Geographical Information System [47]. The highest solar
radiation for the selected site is seen in July where the value
is 5.87 kWh/m?/day. The yearly average solar radiation was
5.415kWh/m?*/day and the corresponding average clearness
index was 0.541 as shown below. Clearness is characterized
as a measure of the fraction of solar radiation transmitted
to the earth’s surface through the atmosphere [58].
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4.1.1. Impact of Hydropower on the Environment. Rwanda is
gifted with two seasons: (a) dry season and (b) wet season.
During the wet season, the rain provides water to numerous
rivers that can be utilized for electricity generation. The
growth of hydroelectric power resources is critical from a
macroperspective in order to replace fossil fuels, diminish
environmental pollution, and improve the energy structure
for sustainable economic growth [59]. However, since the
hydropower project is so massive and widespread, it will
unavoidably damage the regional environment. The hydro-
power station building is destined to take up a large amount

of land and kill vegetation, resulting in the depletion of agri-
cultural land, water, and soil resources. Big reservoirs, exten-
sive building, and a wide range of equipment, loads, and
machinery [60] in use during construction and operation
require big land and large investment as well.

The amount of land needed to generate hydroelectric
power varies greatly depending on the location. Water reser-
voirs in a flat terrain are likely to be long and wide, while
dams in mountains are likely to be higher and shorter,
requiring less ground. Furthermore, reservoir-type hydro-
electric power plants necessitate a large amount of land for
the water reservoir. Table 3 gives an example of estimation
of land utilization from Pacca and Horvath’s data [61] during
the construction of the Glen Canyon Hydroelectric Plant.
After land transformation factors, the result demonstrates
an occupation area of 13.6 m?*/GWh [61, 62].

Energy improvement can affect land use from various
perspectives, going from peak evacuations and surface min-
ing to the resteering of waterways and flooding for hydroelec-
tric dams [60].

Despite the occurrence of two rainy seasons, as shown
below, Figure 13 indicates how suitable solar PV and CSP
can be applied in Rwanda on the latitude of —3° and longitude
of 29° for a ten-year average.

As the temperature increases, the PV system’s output
voltage decreases, while the output current is directly propor-
tional to solar radiation [64].

In Rwanda, the average solar insolation is around
5.15kWh/m?/day [66]. Although this value is a good indica-
tion for PV system deployment in Rwanda, it is important to
know the average PV generation given by the insolation for
different locations in Rwanda as shown in Figure 13.

In summary, the PV technology for off-grid Rwandan
rural electrification has been tremendously grown. There
are not only the PV solar power plants that are previously
mentioned in Table 4, but there are also PV solar home sys-
tems that help 11% of Rwandan households to access elec-
tricity through solar off-grid solutions [67].
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TABLE 2: Solar energy existing projects in Rwanda.
Plant name Power plant capacity Established time Connection
Mont Jali solar power plant 0.25 MW 2007 Grid connected
Rwamagana solar power plant 8.5 MW 2014 Grid connected
Nasho solar power plant 3.3 MW 2015 Oft grid
Nyamata solar power plant 0.03MW 2016 Off grid
Ndera solar power plant 0.15MW 2016 Off grid

F1GURE 12: The Rwamagana solar power station [53].

On the other hand, during the first drafting of this paper,
there is no evidence or data from government energy agen-
cies or private power producers that show that CSP technol-
ogy has been deployed in Rwanda yet. However, as a country
with sufficient solar radiation intensity, CSP can also be
implemented. Until recently, researchers have widely consid-
ered PV technology for millions of people who still lack elec-
tricity. Table 4 summarizes the recent publications on solar
energy in Rwanda in the last ten years.

4.1.2. Rwanda’s Off-Grid Situation. Until December 2020,
59.7% of Rwandan households are wired, with 43.8 percent
being connected to the national grid and 15.9% using off-
grid systems (mainly solar) [68]. Rwanda’s government
(GoR) is collaborating more closely with businesses that
operate off grid and wants to electrify the whole nation by
2024 [10, 69]. Rwanda currently has five small stand-alone
minigrid plants in service, three of which use solar power as
a source of energy, and the other two use water as a genera-
tion source [70]. However, attempting to hit last-mile house-
holds, difficult landscape, rural households” remoteness, low

demand, and minimal availability will require higher capital
investment to extending the grid engendering slow electrifi-
cation. Solar minigrid and solar off-grid systems offer invest-
ment opportunities in the country [71], though the sector’s
growth is hampered by high initial costs and restrictions on
high load use. Despite the fact that minigrids and stand-
alone systems are playing an important role in increasing
the rate of electrification, the rate is not quite as fast as it
could be because their prices are prohibitively high, particu-
larly for low-income households scattered, which predomi-
nate in rural communities [72].

Rwanda’s modern and green energy supply is typically
subpar. The oft-grid focus is to electrify more from locally
accessible photovoltaic panels, lowering upfront costs as well
as overall device costs, allowing low-income families to
access power, and promoting local tenure [72]. Minigrids,
in general, have made it easier for rural areas to evolve socio-
economically. Furthermore, electricity will provide opportu-
nities for rural residents to start new businesses as well as
grow and prosper in existing ones [73].

Generally, many of the world’s smallest developed econ-
omies are found in Sub-Saharan Africa where Rwanda is
among them. Furthermore, many people in this area do not
have elementary electricity access. In a wider context, an
increase in per capita energy intake is likely to be related to
the social and economic growth of Sub-Saharan Africa [74].

In Table 5, the report in 2018, regarding Sub-Saharan
countries where Rwanda takes part, shows the trajectory of
Rwanda in terms of renewable energy accessibility. It
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TaBLE 3: Direct land transformation of the hydroelectric power plant [61, 63, 64].
Location/type Capacity Area Lifetime electricity generation  Lifetime Land transformation Reference
P (MW) (10*m?) (GWh) (years) (m*/GWh)
Colorado, Lake Powel 1296 65,313 277,500 50 2,350 [61]
Reservoir
U.S., generic reservoir 114 75,000 30,000 30 25,000 [63]
Canada, reservoir N/A N/A N/A 30 3,700 [65]
Canada, run-of-river N/A N/A N/A 30 3 [65]
- 42 We focused on the availability and barriers to the fulfillment
g 4'8' of solar energy production that affects the private sector or
< .0 - . . .
EDE government to invest more. Besides, SWOT analysis was per-
= 4' 6l formed based on a comprehensive literature review and
2 4s stakeholder interviews.
£ 45
>
< :';L_ 5.2. Data Collection and Analysis. This paper uses a literature
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FiGure 13: Rwanda monthly average solar insolation incident on a
horizontal surface (kWh/mZ/day). The data was collected from the
National Administration of Aeronautics and Space (NASA), 2017.

suggests that 30.8% of the Sub-Saharan countries in the rural
area have less than 20.6% of electricity access. Just nine coun-
tries had accessibility to over 60% of their rural populations,
whereas access to electricity in rural areas ranged from 20%
to 60% in the rest of the countries [75].

Table 6 demonstrates the final share of renewable energy
in Rwanda compared to the rest where there is progress but is
lower with respect to others [76].

5. SWOT Analysis of the Concentrated Solar
Power and Photovoltaic Systems in Rwanda

5.1. Introduction to SWOT Analysis. Analysis of strengths,
weaknesses, opportunities, and threats (SWOT) is an appara-
tus used to gauge the “strengths,” “weaknesses,” “opportuni-
ties,” and “threats” from accepted levels in an organization,
a plan, a project, a person, or a business activity for the
benefit of assisting planners to classify and prioritize the
business goals and identify the procedures for accomplish-
ing them [116].

SWOT analysis is introduced to help decision makers
share and compare notes, arrive at clearer common goals,
and understand factors for success or failure in business. It
involves as demonstrated in Figure 14 internal and external
environmental scanning for positive tangible and intangible
assets, internal or external to the organization like con-
straints, financial resources, products, services, and decisions
and activities to create and nurture competitive advantages.
SWOT analysis is also helpful energy [117].

SWOT analysis was seen as a good tool for energy plan-
ning wherein we made a detailed study of the characteristic
of energy in Rwanda. This study is aimed at mentioning
through a literature review the existence of solar power in
Rwanda, its potential, availability, and associated barriers.

review to gather data from government energy agencies,
power producers, and minigrid off-grid private companies
in Rwanda and a SWOT approach to investigate the internal
and external factors for PV and CSP development in
Rwanda. In brief, all the secondary data used in this research
analysis were collected through documents of projects and
existing literature, and finally, we conducted the face-to-
face interview which was done using a designed question-
naire to assess each factor from literature and other docu-
ments in detail. However, during the interviews, we
obtained very many different factors and divergent views.
Therefore, only those factors relevant and important to our
research were included in the final SWOT analysis.

This study suggests that it is a critical time for Rwanda
together with Sub-Saharan African countries to consider
exploring their locally available and abundant solar
resources. Africa requires more effort to meet Se4all’s target
of universal access to sustainable energy. Climate change is
also an existential challenge to the world’s poorest and most
vulnerable on this occasion. That is why Africa needs an
urgent and unprecedented effort to enjoy universal access
to electricity. In Rwanda, especially for the World Bank coop-
eration, Rwanda can strive to seize the development opportu-
nities brought by the World Bank through credit agreement of
electricity access for all. Although the GoR is working to
increase incentives for private sector participation in solar
energy projects, consistent policies and the support from gov-
ernment are required to facilitate the sustainable and long-
term developments of different solar technology deployments
in Rwanda, especially in remote areas.

5.3. SWOT Analysis Results of CSP and PV Systems in
Rwanda. The research process led to the identification of
internal and external factors for SWOT analysis. This study
was conducted for CSP and PV system deployment in
Rwanda by applying SWOT analysis. Table 7 summarizes
the SWOT analysis of solar technologies in Rwanda.

5.3.1. Strengths

(1) Increase Experience in Solar Technologies through Off-
Grid Projects. Solar is already among Rwanda’s fastest-
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TABLE 4: Recent publications on solar energy in Rwanda in the last five years.

S.
Years
no.

Authors &
references

Technology application

Case studies

A summary description of the main objective of the study

1.

10.

11.

12.

13.

2016

2021

2021

2021

2020

2020

2020

2020

2020

2019

2019

2019

2019

Abrams [77]

Kizilcec and
Parikh [78]

Alonso-

Montesinos et al.

[79]

Asemota [80]

Bisaga et al. [81]

Grimm et al. [82]

Brunet et al. [83]

Nsengimana
et al. [84]

Grimm et al. [85]

Bamundekere
(86]

Niyonteze et al.
(87]

Kennedy et al.
(88]

Bisaga [71]

Solar energy investment

Pay-as-you-go solar home

system

Solar-diesel hybrid
minigrids

Off-grid solar

Off-grid solar energy

Off-grid solar energy

Photovoltaic solar power
plant

Photovoltaic microgrid

Oft-grid solar electricity

Solar energy in Rwanda

Solar-powered minigrids

Off-grid solar energy

Off-grid solar energy
access

Rwanda

Rwanda
(Bugesera and
Kayonza
districts)

Rwanda
(Nyabiheke
camp)

Rwanda

Rwanda

Rwanda

Rwanda

Rwanda (Kigali)

Rwanda

Rwanda

Rwanda

Rwanda and
Kenya

Rwanda

From the perspective of a licensed professional, this research
examined the creation of East Africa’s first utility-scale solar
sector. The study used a plant in Rwanda as a case study to
examine the elements needed for the effective
implementation of financially successful utility-scale solar
energy projects with the potential to help Africa bridge its
severe power supply deficit.

This study examined the journey of a Pay-as-you-go solar
home system customer using the case of Rwanda. This study
clearly revealed that the journey of the customer is nonlinear

and cyclical, recognizing that a household operates in a
social network within which others may affect or be
influenced. Moreover, it highlighted the increasing
importance of solar home system recommendations in
raising awareness of solar home systems, pointing to the
shifts in the environment of the off-grid energy market
where customer awareness no longer appears to be a key
barrier to adoption.

The environmental and economic benefits of the fully
renewable and diesel-hybrid minigrid were studied in this
study. This research showed how environmental goals,
operational timeframes, financial resources, and will
influence the most appropriate system designed for
humanitarian actors on a case-by-case basis.

A preview of oft-grid solar performance targets in Rwanda.

This paper is aimed at mapping the synergies and trade-offs
between energy and sustainable development goals by using
the case of Rwanda.

The study showed a willingness to pay for various solar
technologies in rural Rwanda.

A large-scale solar PV solar power plant through a
multilevel and multiscalar perspective in Rwanda was
assessed.

A comparative study of the on-grid PV microgrid system
and the off-grid PV microgrid system was designed and
compared in this study.

The study was focused on the ability of households to pay
significant sections of their electricity budget for various off-
grid solar technologies in rural areas.

The study is aimed at disclosing the contributions of
renewable energy to sustainable development.

The strategy and semiprivate operator model for solar-
powered minigrids and smart metering systems have been
suggested to provide a sustainable solution to the energy
crisis and power to various energy users in Rwanda.

A comparison of the nonparametric customer segmentation
clustering approach with linear customer behavior models,
classifying customers and exploring customer behavior-
related demographic and recruitment variables.

The study is aimed at resolving a knowledge gap concerning
the actions, needs, and expectations of energy usage,
focusing on users of the solar home system.
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S. Authors &

o, Years references Technology application Case studies A summary description of the main objective of the study
HOMER software has been used to model optimal,
Bimenvimana sustainable, effective, and accessible solar photovoltaic
14. 2019 ot alY} 51] Rwanda technologies as energy solutions for all (oft-grid and on-grid
' users) to provide all people with affordable and reliable
access to electricity.
Rwanda . .
15. 2019 Gloria et al. [89] Solar energy (Agahozo A researcher reviews solar energy for sustainable urban
development in rural areas.
Shalom)
In their report, an evaluation of the capacity of wind and
solar energies in the eastern region of Rwanda was carried
16. 2019 Felix et al. [90] Potential of solfar and wind Rwanda out. The potential for wind energy and the potential forhsolar
energies energy were calculated and compared. The analysis
indicated that wind energy potential is greater than solar
energy potential in the area considered.
The research is concentrating and looking on a design of a
- photovoltaic of 0.8 kWh/day for a single household. The
Mushimiyimana Rwanda . . .
17. 2019 Solar energy . aimed target of the design was to increase the number of
[91] (Kamonyi)

households connected to an off-grid photovoltaic system in
Kamonyi District.

The main focuses were on the role of smart energy
Soltowski et al management (SEM) platform in the interconnection of oft-
18. 2019 [92] ’ Off-grid systems Rwanda grid systems and making bottom-up electrification scalable
and how it can improve the overall sustainability, efficiency,
and flexibility of off-grid technology.

The study was based on the feasibility of a microhydro/PV
pump hybrid electric supply system to one pilot village in
Viability of micro-hydro- Rwanda Rwanda using PVSYST software as an optimization and
solar PV (Mwogo) sensitivity analysis tool. They came up saying that the
integration of a solar PV pump and microhydro proved to
be a viable operational system.

19. 2019  Muvunyi [93]

Solar photovoltaic minigrid that can provide the required
power for the village was designed and optimized using
HOMER software. The results that indicated the best results
corresponding to the optimum PV minigrid were obtained
at a capacity shortage of 3%.

Munyaneza et al. Solar photovoltaic Rwanda

19. 2019 [94] minigrid (Rwumba)

The multi-level perspective (MLP) has been used to model
the study and interaction of the different sociotechnical
levels to fully understand the conditions that allow this

transformation. The study revealed the critical importance

of bureaucratic and regulatory support for investment in
low-carbon energy technology in a neoliberalization
process-influenced political economy, thus creating
substantial space for negotiating private contracts.

Rodriguez-
20. 2018 Manotas et al. Utility-scale solar PV Rwanda
(95]

Site visits and energy conservation estimates for a standard
residential house were used to compare stand-alone and
grid-linked PV systems capable of supplying 7.2 kWh/day,
loading efficiently. The result was an increase in the
production of electricity by domestic energy producers in
Rwanda, due to lower initial investment costs and reduced
payback periods.

Bimenyimana  Stand-alone and grid-tied Rwanda

21. 2018 et al. [96] solar PV systems (Rwamagana)

The outcome is the implementation of the Stochastic
Techno-Economic Microgrid Model (STEMM), which
Williams et al.  Microgrid utilities for rural Rwanda allows it possible to determine, from an investment
[97] electrification perspective, the influence of technological design decisions
as well as the financial conditions on the financial feasibility
of microgrid projects.

22. 2018
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Years Irxeli(te}rlgrrliei( Technology application Case studies A summary description of the main objective of the study

The project was conducted to examine the cost of solar PV,
diesel, and hybrid PV-diesel water pumping systems for
agricultural irrigation in Rwanda, both environmentally and
economically. To determine both the environmental and
economic feasibility of the proposed pumping systems, the
HOMER optimization program was used to take account of
the fluctuations in both solar radiation and fuel prices.

Solar PV, diesel, and
2018 Rutibabara [98] hybrid PV-diesel water
pumping systems

Rwanda
(Bugesera)

The research discussed in this study explores the feasibility
of using a grid-connected solar PV system in the village to
Nshimiyimana Solar PV on a erid svstem Rwanda supply electricity. To assess whether the investment will be
[99] & Y (Masaka) financially worthwhile, a cost-benefit analysis was
conducted. The findings show that solar energy is feasible at
a moderate cost in this selected village.

2018

The analysis proposes a hybrid system consisting of PV and
biogas with battery storage from renewable energy sources.
The hybrid system is modeled and optimized utilizing
HOMER software for technological and economic
feasibility.

Rwanda

2018  Lameck [100]  PV-biogas hybrid system (Gakenke)

During this work, they presented the development of an
effective approach of design, simulation, and analysis of a
wind-solar hybrid system for a typical rural village in one of
Rwanda the villages of our country. The optimal dispatch strategy of
(Kayonza) the diesel generator is load following and the total net
present cost of each system configuration has been
calculated for 20 years of the lifetime of the system to
examine the lowest energy cost option.

2018 Emmanuel [101] Solar-wind hybrid system

The key focus of the project was on the design of off-grid
photovoltaic systems, which included an economic
assessment of the usage of a 200 W person solar home
system and a 10 kW village PV system.

2017 Uwibambe [102]  Design of photovoltaic Rwanda

The project evaluated the hybrid solar photovoltaic-
bioenergy system for powering remote dwellings in the
country.

Hybrid solar photovoltaic- Rwanda

2017 Ttuze [103] bioenergy system (Gicumbi)

The study represented a model adopted for tropical regions

inyana and urface solar spectrum . . .
Cyuliny S P Rwanda that shows the reliance on atmospheric constituents of

2017

Winkler [104] characteristics surface solar radiation reaching ground level.
Energy policy The research describes hydro, solar, and wind: the effect of
2017  Rwema [105] implementation Rwanda energy policy on the deployment of renewable energy in
Rwanda.
. . There was a simple implementation of the development and
2017 Maand Ma [106] Oﬂf—grui 2 ?e(;;OVOltalc Rwanda design of a portable off-grid photovoltaic device with
4 contingency functions for rural areas.
This research project is aimed at demonstrating how
2017 Bisaga et al. Scalable oft-grid energy Rwandaand ~ BBOXX, a solar home system company operating in South-
[107] services Kenya Western Kenya and across Rwanda, can also use Internet of
Things (IoT) technology to solve development problems.
Kuppa and Sizing off-grid electrical Estimation of statistical failure method to scale off-grid
2017 . Rwanda . . .
Zimmerle [108] systems electrical systems for developing world villages.
The research centered on the comparison of maximum
Bimenyimana . power point output monitoring between incremental
2017 et al. [109] Photovoltaic power system Rwanda performance with disruption and observation of

architectures in photovoltaic power generation.
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Years

Technol licati
no. references echnology application

Case studies

A summary description of the main objective of the study

Collings and

The study claimed that different delivery problems were
faced during the implementation of the project and valuable

35. 2016  Munyehirwe Pay-as-you-go solar PV Rwanda lessons were learned. The effect of considerably more hours
[110] of light and the opportunity to charge telephones at home
on households using Azuri systems.
The research paper examined the adoption and impact of a
36. 2016 Grimmal. [111] Solar kits Rwanda fundamental pico-photovoltaic kit that barely meets the
modern energy standard of the United Nations.
. The research found that small solar lantern adoption
Collings and substantially decreased household spending on dry cell
37. 2016  Munyehirwe Pay-as-you-go solar PV Rwanda . . . o
batteries and kerosene and improved air quality in the
[110]
home.
Detailed information from a dedicated network of ground
Beyer and Increased application of stations on irradiance characteristics in Central Africa
38. 2016 Habyarimana solar Eger Rwanda (Rwanda) for the characterization of irradiance field
[112] gy statistics and validation of satellite data derived from
satellite data.
39 2016 Nshimiyimana Hybrid solar PV-wind-fuel Rwanda The work focused on sizing of a hybrid solar PV-wind-fuel
’ [113] cell (Mukondo) cell power system for an isolated location.
Karuearama The analysis was carried out in Kigali on blackout
40. 2016 [lgl 4] Microgrid Rwanda (Kigali) prevention using a microgrid with advanced energy storage
and solar photovoltaics.
Crossland et al. Off-grid photovoltaic The S(.)c1otechn1cal .approach to increasing the bat.tery life of
41. 2015 [115] system Rwanda off-grid photovoltaic systems used in a case study in Rwanda

was the key focus.

growing renewable energy technologies. Accordingly, experts
suggest that 100% electricity access for the country can be
envisaged to come from off-grid technologies by using Rwan-
da’s energy resources like hydro, solar, and methane gas.
Presently, the off-grid electricity access rate is 15% of
Rwandan households according to the Rwanda Energy
Group (REG) [119]. Communities far from the proposed
national grid coverage have been advised to use cheaper
connections as an option like minigrids and PVs to access
the electricity they can afford. Rwanda solar irradiance
ranges from 4.3 to 5.2kWh per square meter per day across
all regions [42]. The country experiences a tropical climate,
but there is a piercing difference between the northern and
eastern sectors in climate conditions. This location places
Rwanda in a proper location to establish a large-scale PV
and CSP strategy.

(2) Very High Interest among Investors. Rwanda is considered
to be one of the most politically stable countries in Sub-
Saharan Africa, providing investors with a peaceful and pre-
dictable working environment. Rwanda, like the whole
world, has the ambition of electricity for all. After the
national demarcation electrification plan (NEP), there is an
increase of registered solar companies, to make PV energy
contributions more visible in the energy mix [120]. The solar
market is rather very small, and it is mainly limited to the
project market driven by donor funding. The main issue is
the budget that is needed but talks are being held with all
stakeholders, Ministry of Infrastructure (MININFRA), Min-

istry of Finance and Economic Planning (MINECOFIN), and
others to see how the exploitation of different energy
resources can help to ensure energy for all. The government
aims to promote the green economic growth of the country
by opening the gates to investors in the country’s numerous
renewable energy projects. The monitoring of project imple-
mentation has to be followed under REG, stakeholder coordi-
nation, research, and knowledge management as a key to
achieving this goal. The government has also begun a risk
reduction facility that decreases the risk of supplying solar
products to the private sector and lowers the price charged
by the consumer to an acceptable level.

(3) Areas with Higher Solar Potential Near to an Existing
National Grid. PV and CSP have tremendous potential to
contribute to a large degree and to fill the energy deficit in
Rwanda. The NEP report demarcates the areas where solar
energies should be applied. Geographically, Rwanda is on a
horizontal surface near the equator, with plentiful sunlight
and global solar radiation, which lies between 4.8 kWh/m?
day and 5.5 kWh/m?*/day. The yearly total global solar radia-
tion per day is around 5.2 kWh/m?*/day, and solar energy is a
decent choice. Compared to the rest of the country, Rwanda’s
eastern province has the highest solar radiation potential
[41]. Table 8 shows the potential of solar energy and daily
sunshine duration.

(4) Public Support for Solar (in Contrast to Other Energy
Resources). The fact that Rwanda is gifted with abundant
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TABLE 5: Access to electricity in SSA [75].

Country Access to e?ectricity Access to electric.ity, rural Access to electriciFy, urban  Electric power c.onsumption
(% of population) (2018) (% of rural population) (2018) (% of urban population) (2018) kWh per capita) (2014)

Angola 43.3 3.8(2015) 73.7 312
Benin 41.5 18.3 67.4 100
Botswana 64.9 27.9 81.1 1816
Burkina Faso 14.4 4.7 62.3 —
Burundi 11.0 3.4 61.7 —
Cabo Verde 93.6 96.9 91.9 —
Cameroun 62.7 23.0 93.3 275
g:;‘flrballi African 324 16.3 55.2 —
Chad 11.8 2.7 4138 —
Comoros 81.9 77.0 94.0 —
Eggfgl’femo' 19.0 1.8 50.7 109
Congo, Rep. 68.5 20.2 92.4 203
Cote d’Ivoire 67.9 329 100.0 275
g‘}l‘i‘i‘:‘al 67.0 6.6 90.4 -
Eritrea 49.6 34.6 77.1 97
Ethiopia 45.0 32.7 92.0 69
Gabon 93.0 62.5 96.7 1168
Gambia, The 60.3 35.5 76.0 —
Ghana 824 67.3 94.2 351
Guinea 44.0 19.7 87.0 —
Guinea-Bissau 28.7 10.0 53.1 —
Kenya 75.0 71.7 84.0 164
Lesotho 47.0 37.7 70.7 —
Liberia 259 7.4 43.6 —
Madagascar 259 0.0 69.6 —
Malawi 18.0 10.4 55.2 —
Mali 50.9 254 85.6 —
Mauritania 44.5 0.6 82.4 —
Mauritius 97.5 100.0 88.5 2183
Mozambique 31.1 8.0 722 479
Namibia 539 35.5 72.2 1653
Niger 17.6 11.7 47.6 51
Nigeria 56.5 31.0 81.7 145
Rwanda 34.7 234 89.1 —
ii‘(’i ??E:ipe 71.0 5.7 76.7 —
Senegal 67.0 44.2 92.4 229
Seychelles 100 100.0 99.6 —
Sierra Leone 26.1 6.4 53.2 —
Somalia 35.3 14.6 60.5 —
South Africa 91.2 89.6 92.1 4198
South Soudan 28.2 23.7 46.8 44
Sudan 59.8 47.1 83.8 257
Switzerland 100 100.0 100.0 7520

Tanzania 35.6 18.8 68.3 104
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Access to electricity

Access to electricity, rural

Access to electricity, urban  Electric power consumption

Country (% of population) (2018) (% of rural population) (2018) (% of urban population) (2018) kWh per capita) (2014)
Togo 51.3 22.4 91.9 155
Uganda 42.6 38.0 57.5 —
Zambia 39.8 11.0 772 717
Zimbabwe 41.0 20.0 85.3 609
TABLE 6: Renewable energy targets for share of primary or final energy of SSA, 2018, and progress, end-2016 [76].
Country angfl};re: o Target Flnzlhealrl:rgy Target
Angola — 7.5% by 2025 4.4%
Benin 59.6% — 8.8% 25% by 2025
Burundi 2.6% 2.1% by 2020
. 15% by 2020
Cote d’Ivoire 3% 7.6% —
20% by 2030
Gabon 76.7% - 60.1% —
Ghana 42.5% — 13.5% 10% by 2030
Guinea — — 2.4% 30% by 2030
Guinea Bissau — — 7.8% —
Liberia 5% 30% by 2030 73.8% 10% by 2030
Madagascar — — 38.6% 54% by 2020
Malawi — 7% by 2020 47.3% —
Mali — 50% by 2020 4.3% —
Mauritania — 20% by 2020 1.1% —
Niger 74.7% 10% by 2020 — —
Rwanda — — 8.2% —
Sudan — 20% by 2020 24.7% .
Switzerland — 24% by 2020 — —
Tanzania 22.3% 24% by 2020 19.8% —
Togo 78.9% — 12.7% 4% (no date given)
minigrids and off-grid solar items, among the energy indica-
SWOT analysis tors for all, and REG has endorsed an incentive scheme to
make these electrification options viable (2019) [121]. In

'
! !

Internal factors External factors
trengths Opportunity
Weakness hreats

FIGURE 14: Basic elements of the SWOT analysis [118].

natural energy resources like solar has to be fully exploited.
The identification and suggestion of an effective solar photo-
voltaic (PV) and the introduction of CSP technology depend
on its annual capacity to generate electricity, electricity load,
percentage of penetration of renewable energy, economic
viability, feasibility, availability, carbon footprint, and degree
of greenhouse gas emissions for climate change implications
towards a green and clean future. The GoR has firmly defined
the policy and regulatory structure for implementing the
NEP, involving guidelines and technical requirements for

the power sector, the Nationally Determined Contribution
(NDC) highlights (a) increasing the share of new grid-
connected renewable capacity compared to fossil fuels, (b)
installing solar photovoltaic (PV) minigrids in rural commu-
nities, and (c) increasing energy efficiency through demand-
side measures and supply-side loss reduction measures [121].
Rwanda’s ambition of 48% of the universal electrification tar-
get through off-grid solar systems by 2024 shows a big initia-
tive in expanding electricity access to low-income households
which is affordable for consumers and the government’s
capacity to fulfil its mandate [122].

(5) A Possibility of Using Micropower Plants. The NEP report
demarcates the microgrid zone for solar, hydro, or hybrid
systems all over the country. The GoR has stated that having
access to electricity in Rwanda will require the supply of DC
solar kits for low-demand residential customers below 50 Wp
(watt peak). It will also determine a favorable place where
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TaBLE 7: Internal and external factors identified for SWOT analysis.

(a)

Strengths

Weaknesses

(1) Increase experience in solar technologies through oft-grid projects
(2) Very high interest among investors

(3) Areas with higher solar potential near to an existing national grid
(4) Public support for solar (in contrast to other energy resources)
(5) A possibility of using micropower plants

(6) Shorter lead time for the construction of solar power plants

(1) High initial investment costs
(2) Lack of community engagement

(3) Highly subsidized electricity tariffs to final consumers

(b)

Opportunities

Threats

1. Seasonal complementarity between solar and hydro resources
2. Establishment of new plans to privatize the solar energy market
3. Development of industry connected to the solar power sector
4. Reduced emission of greenhouse gases

5. Decreasing global prices for solar energy

6. Growing investment in solar energy in Rwanda

Lack of project financing
Lack of international development partners
Low participation of the private sector

Insecure revenues

TaBLE 8: The minima and maxima values of monthly averaged
global solar radiation over the period of 1974-1993 [41].

G G

Year — owh/miday) MO (wh/mi/day)  MOMth
1974 4.1 Jul 5.2 Aug
1975 41 May 5.1 Jan
1976 May 49 Jan
1977 4 Apr 5 Jul
1978 4.2 Jan 4.9 Jan
1979 3.8 May 5.1 Jul
1980 4.1 May 5.3 Aug
1981 — — — —
1982 4.1 May 4.9 Jul
1983 4.2 Apr 49 Sep
1984 4.1 Nov 5.1 Jun
1985 4 Apr 5.4 Aug
1986 4.4 Apr 5.1 Jul
1987 41 May 5.3 Jan
1988 43 Apr 49 Jun
1989 4.3 May 5.1 Aug
1990 4.3 Feb 5.4 Jul
1991 4.1 May 5.2 Aug
1992 44 Dec 5.5 Aug
1993 44 Jun 5.7 Aug
Average 4.3 5.2

stand-alone AC solar systems should be provided to larger
customers who are too isolated from the network to justify
an individual connection to the central grid or an off-grid
microgrid [123]. Rwanda has shown improvement towards
energy access, from 6% on-grid access in 2000 to 37% on-

grid access in 2019. Though there is a change, the off-grid
access still has to gain more potential, as it accounts for about
14% of the population which is small compared to other
countries. The potential for renewable energy minigrids is
high [124]. Research conducted by the Energy Development
Corporation Ltd. and funded by the Sustainable Energy Fund
for Africa (SEFA) acknowledged over 200 potential minigrid
sites. The recently approved NEP by REG Ltd. foresees 10%
of off-grid targets to be met by minigrids connecting over
300,000 households [125]. This highlights that the PV and
CSP can provide more assurance for energy generation in
Rwanda.

(6) Shorter Lead Time for the Construction of Solar Power
Plants. Electricity has been indispensable for improving eco-
nomic activity and improving the quality of life of humans.
Solar energy projects have a shorter time for project imple-
mentation compared to other energies. But it all depends
on the suppliers we have and how much we want to invest
in the construction. Generally, solar power plant technology
construction is shorter and quicker than other forms of
energy [125]. Despite the fact that CSP necessitates land
preparation and water availability, the overall implementa-
tion time is also short.

5.3.2. Weaknesses

(1) High Investment Cost. Renewable energy power plants
have high initial construction costs, with virtually no fuel
costs and comparatively lower operating and maintenance
costs, unlike traditional fossil fuel power plants [126]. Never-
theless, the large starting cost of capital associated with
renewable energy technologies (RETs) makes it hard to
attract investors to the sector, particularly in countries that
are considered to be at risk [127]. The high initial cost
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associated with PV and CSP technologies makes it difficult
for Rwanda to develop. These expenses include the cost of
solar panels, inverters, hardware for installation, wiring,
installation, approvals, repairs, surveillance, maintenance,
and other operations and overhead expenses. Such prices
do not provide a storage system for batteries, which is an
additional expense. Many power utilities in Sub-Saharan
Africa (SSA) where Rwanda is located have inadequate elec-
tricity generation capacity, unreliable services, and high
costs. They also face capital limitations that prevent them
from making the required investments for expansion pro-
jects. Shortages of capacity have pushed power companies
to use leased power-generating emergency units, at great
socioeconomic and environmental costs [128].

(2) Lack of Community Engagement. While off-grid systems
are the safest way to supply electricity to remote and island
communities far from the national electricity grid, as a result
of the lack of a clear policy structure for its growth, the devel-
opment of this sector has not seen the necessary investment.
Access to electricity, reliability, and costs remain problems
across most Sub-Saharan Africa countries. The PV market
in Rwanda is growing and largely dominated by an institu-
tional market guided by the needs of providers of rural health
and education services. Many of the installations have been
fully funded by donors with little national government coop-
eration. People have explored various ways to get power to
their new neighborhoods, and some have realized that the
grid will never supply them who currently lack electricity
because they live in neighborhoods that are spread around
large areas and are too poor to afford such comprehensive
infrastructure. Due to the high initial cost of solar energy
projects, most people cannot afford it and makes it difficult
for community engagement [129].

(3) Highly Subsidized Electricity Tariffs to Final Consumers.
The production capacity of electricity and access to electricity
is limited, and the size of the infrastructure is inadequate to
meet requirements. Although Rwanda is on a high growth
trajectory access to electricity, the cost of supplying electricity
has been seen to be among the highest in the region and con-
tinues to hamper the economic and industrial growth of the
country [45]. Most of the solar energy projects in Rwanda
need high financial grants to be bankable or viable. It was
suggested that for Rwanda to be able to reap and deepen
the benefits of this reform program of electricity for all over
the coming decade, The Rwandan Energy Group (REG),
the country’s publicly owned electricity corporation, is to
place new public-private partnership investments defined in
the lowest-cost plan in the driver’s seat, rather than depend-
ing on unsolicited private sector suggestions [45]. The cost of
electricity production employing solar PV and CSP which are
yet-to-be-implemented technologies has declined signifi-
cantly in recent years, and this trend is expected to continue.
Thus, it is reasonable to consider this potential as an option
and incentive for utilizing solar energy for future electricity
demand. Solar electricity generation using PV and CSP is
more favorable cost competitively against fossil fuels even
in large interconnected systems in developed countries
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[130]. Under the extremely costly conditions of generating
electricity in Rwanda (because of its geopolitical situation),
the solar output could be even more competitive and results
in lower electricity costs. Rwanda has set out motivations
for investors interested in this sector, like “(a) provision of
transmission access to all power projects on government’s
cost, (b) authorized road access, water service, and all infra-
structure needed during energy project development, (c) free
tax on power equipment during energy project development,
and (d) provision of land on power projects by the govern-
ment or compensation to private developers on the cost of
land” [40].

5.3.3. Opportunities

(1) Seasonal Complementarity between Solar and Hydro
Resources. A major opportunity for rural power supply is
microhydropower with rainfall that generates streams in var-
ious areas. Rwanda has restricted electricity generation, espe-
cially during the dry season, when many hydropower plants
experience problems with water shortages. Rental diesel gen-
eration is then used to provide the power demands during
this time, and this generation comes with a high cost. There-
fore, solar energy generation would provide the highest out-
put in the months when it is most needed. The GoR advises
to combine both solar and hydroenergies which were appli-
cable due to the small run-off rivers and also reduce the cost
of solar energy storage [131].

(2) Establishment of New Plans to Privatize the Solar Energy
Market. In Rwanda, solar power is predominantly a pro-
curement sector for institutional government and NGO
systems, while demand for solar homes is growing. The
national policy is based on attracting investors and showing
them the energy development opportunities including solar
energy [132].

At the heart of Rwanda’s National Strategy for Transfor-
mation is access to electricity for all Rwandans (NST)
(2017/18-2023/24), with a view of achieving upper-middle-
income country status by 2035 and high-income status by
2050. Off-grid solutions where on-grid solution is not reach-
able are expected to be driven by the private sector [133]. As
specified by NEP, about US$370 million of private finance is
expected to be mobilized up to 2024 to support the imple-
mentation of off-grid solutions. Therefore, the NEP demar-
cates on-grid and oft-grid energy expansion regions in
order to mobilize private funding for off-grid solutions, pro-
viding a clear path to the private sector regarding their oper-
ations in oft-grid areas [122].

Energy subsidies in the use of energy resources present an
inefficient distortion in related technologies and a very big
burden on the government budget that could undermine fis-
cal sustainability [134]. The poor participation of the private
sector remains the biggest challenge to the growth outlook of
Rwanda, as reforms to promote the business situation have
not yet led to significant private sector investment in all sec-
tors [40]. Therefore, appropriate energy pricing is important
to make sure the consumers are encouraged to make efficient
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and productive uses of energy and to ensure that energy sup-
pliers can operate on a sustainable basis. Lack of investment
and proper maintenance expertise have contributed to sev-
eral technical issues, including malfunctioning batteries,
defective wiring, and broken down DC appliances [135].
According to a participation commission organized by
donors to improve the performance of institutional PV sys-
tems, the following measures were undertaken to (1) specify
energy systems suitable for Rwandan health facilities, (2)
enable partners in the creation of consistent design, installa-
tion, and after-service operations,(3) help grow the quality
chain, by offering capacity-building exercises and imple-
menting standards and good practices, and (4) organize peri-
odic meetings among key stakeholders [135].

(3) Development of an Industry Connected to the Solar Power
Sector. Rwanda is well favored with solar energy; even during
the months of the rainy seasons, there is daily sufficient sun-
shine. The seasonal conditions change, with the average daily
irradiation in the cloud hitting around 4.5 kWh/m?, and the
total annual capacity in 2015 was estimated at 66.8 TWh
[136]. Two solar PV plants, namely, GIGAWATT Global
Solar Power (8.5 MW) and Jali Solar Power (0.25 MW), are
connected to the national grid in the districts of Rwamagana
and Gasabo, respectively [43]. Energy generation could be
boosted through solar energy by increasing the development
in other sectors such as industries. This is because electricity
is the lifeblood of manufacturing, where raw materials are
processed into finished goods. Furthermore, electrical energy
is also one of the most convenient, safe, and clean forms of
energy used in the home and job creation.

(4) Reduced Emission of Greenhouse Gases. Climate change is
a major global issue for the world. It affects the society and
biodiversity. It can jeopardize the world economy and gener-
ate international conflicts and political crises. Seasonal mean
temperature anomaly distribution has changed to higher
temperatures. The range of anomalies has since increased;
therefore, researchers have turned to the benefits of clean
energy where it decreases our dependency on fossil fuels
and can combat climate change [137]. Therefore, adopting
renewable energy use including solar energy technology
reduces atmospheric pollution. This change is pushing down
greenhouse gas emissions from power generation, heating
and cooling of homes, and transport [138].

(5) Decrease in Global Prices of Solar Energy. RE prices are
now dropping across the world, so it has been shown to be
a cheaper source of electricity production compared to tradi-
tional sources that rely on fossil fuels—a 70% decrease since
2010 [139]. This rapid price decline has nothing to do with
any other energy technology [140]. Accordingly, the Rwanda
national electrification plan recommends the use of a solar
home or solar stand-alone system to reduce energy costs.
The government will assist people in different ways, like (a)
setting up facilities that allow low-income households to gain
access to modern, clean, and sustainable energy services
using basic solar power systems, (b) establishing a strategy
that makes it easier for the private sector and consumers to
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make solar power products more affordable, and (c) enabling
the private sector to build and establish minigrids, and the
government will provide the assistance of site identification
and adequate structure for site identification [141].

(6) Growing Investment in Solar Energy in Rwanda. Much of
present installations have been financed by donors with low
governmental coordination. The major constraints of the
Rwanda power sector include (a) electricity demands almost
equal with the generation, and with little reserves, (b) high
petroleum product expenditures, (c) lack of investment
financing, (d) lack of government subsidies, which cushion
electricity retail prices, and (e) inability to participate in a
large number of energy exports and trade due to relatively
uncompetitive pricing structures [40]. It is vital to the pri-
vate sector that minigrid projects are allowed in minigrid
areas and subsidies for solar home systems (SHS) only are
available in SHS areas, although the systems can be sold any-
where [134].

5.3.4. Threat

(1) Lack of Project Financing. High-capital investment ven-
tures need reasonably easy access to capital in order to be via-
ble. However, capital markets are not as developed in almost
all Sub-Saharan African countries where Rwanda is located
as in many other countries, making it difficult to access exter-
nal investment. Sub-Saharan African countries’ power genera-
tion has been facing some challenges like illiquidity, lack of
depth, and small size. Special local support systems are needed
to meet energy-poor rural communities through a market sys-
tem targeted at supporters. Investors need to consider and
limit the risks of investing in renewable energy ventures, as
well as in the industry itself. To ensure fair returns over the life
of the project, the private sector needs long-term assurances,
since some projects last for decades. Also, long-term contracts
and identifying components with a clear comparative advan-
tage over imports will attract investors [142].

(2) Lack of International Development Partners. Rwanda
needs the electricity sector to ensure an adequate, secure, sus-
tainable, and more affordable electricity supply by 2024. It is
important to learn how to mobilize global awareness and
resources to boost access to solar energy (PV) and to rein-
force the knowledge base of national governments on the ties
between poverty, renewable energy, and climate change to
guarantee secure operations [143]. Rwanda’s private sector
participation in solar power technology for rural develop-
ment projects has established an enabling policy framework
to encourage private sector investments through standard-
ized power purchase agreements and feed-in tariff schemes
[40]. The challenges of high electricity cost and frequent
power outages (blackouts) in a small country with a relatively
low average income and extremely low average consumption
volumes lead to generation capacity and demand misalign-
ment. These challenges are making it impossible to maintain
an efficient tariff structure because if demand fails to keep
pace with the increased generation capacity, then, the tariff
will increase [144]. Commercial enterprises are hardly



International Journal of Photoenergy

450 3
400_ -
3504 :

3001
250 1
200

—
v
S

Solar irradiation (WM2)

—
o
S

w1
(=}
L

(=)

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Hours of Year

B DNI
I DHI
m GHI

Ficure 16: Hourly GHI, DNI, and DHI during a year.

interested in investing in energy generation since feed-in tar-
iffs are kept low by the import parity price for electricity from
neighboring countries. Enterprises are now focusing on the
market through public tenders for broader programs for
public institutions, such as hospitals and schools. In urban
areas, the demand for solar water heating systems is booming
[143]. Thus, all these constraints are sometimes due to a lack
of international development partners.

(3) Low Participation of the Private Sector. The contribution
of the private sector in enabling solutions to renewable
energy to be integrated into the grid is also becoming eco-
nomically viable. Compared to the fossil fuel cost spectrum,
solar PV, CSP, and all other renewable energy generation
technologies currently in commercial use are projected to
decline, with most fossil fuel prices at the lower end or
decreasing. Therefore, the International Renewable Energy
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Kilometers

Agency (IRENA) thus aims to address obstacles to high
upfront costs, investment risks, regulatory instability, the
lack of trained practitioners, and environmental issues
[145]. Energy sector financing should be accessible, which
has been a big barrier in project implementation. IRENA
addresses challenges that seem to halt or limit the African
development in renewable energy, especially solar energy
that includes [145] (a) high costs being inherent to the energy
sector, (b) limited access to funding, (c) creditworthy utilitie-
s/insuflicient cost recovery, (d) elastic demand/affordability,
(e) foreign exchange risk, (f) lack of competition for net-
works, (g) inefficient tendering processes, (h) breach of con-
tracts, and (i) inability to raise tariffs to cover costs [145].

(4) Insecure Revenues. The contribution of the private sector
in enabling solutions to the renewable energy sector is prof-
itability since it is the basis for establishing solar energy
investment. The financial returns will be based on the under-
lying technology, and at which level of competitiveness it
operates with other forms of technology is critical. Neverthe-
less, renewable energy production costs drop significantly
and certain technologies are already productive in many
parts of the world, or at “grid parity” with conventional
sources of electricity [145]. Underpricing of power in Africa
leads to poor revenues from public utilities in line with the
low purchasing power of the population, poor revenue col-
lection mechanisms, and high transmission and distribution
losses. To inject capital for infrastructure maintenance and
expansion, many countries have opened their markets to
the private sector. The absence of laws and regulations pro-
moting the creation of renewable energy technologies will
delay their deployment [146]. This helps policies to build
stable and predictable investment environments that address
obstacles and ensure that project revenue sources are pre-
dictable [146].
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6. Feasibility, Optimization, and
Technoeconomic Assessment of
Concentrated Solar and Photovoltaic
Systems in Rwanda

6.1. Methodology

6.1.1. Introduction. As a result of increased industrial activi-
ties, growing populations, and significant changes in people’s
total energy consumption in recent times, global energy
demand has exploded. This chapter traces the effectiveness
of the PV and CSP system’s technoeconomic model for a real
residential aggregated load. The world’s energy demand is
expected to increase by 30% by the year 2040 [147]. So, many
countries are taking advantage of their economic potential in
order to meet their energy needs [148]. Rwanda, like many
other developing countries, faces difficulties in meeting its
energy demands. Rwanda’s latest national electrification pace
is at 59.7% (43.8% grid-connected and 15.9% off-grid-
connected systems) [68]. An economic study is typically car-
ried out to justify the use of PV and CSP systems in buildings
and to illustrate the idea so that homeowners are willing to
invest. PV and CSP system economic output is determined
by a variety of factors, namely, capital cost, installation cost,
operating and maintenance costs, and electricity tariff as well
as payback period (PB), which is the time it takes to recoup
the initial investment. Throughout the project, the technoe-
conomic study estimates the cost savings gained by imple-
menting green technology against the cost of installed
systems [149]. CSP and PV technologies are part of feasible
and promising renewable energy technologies that can be
built to produce electricity in order to further enhance
renewable energy use across the world.

6.1.2. System Advisor Model. The system advisor model
(SAM) is a computer model that measures renewable energy
project technoeconomic efliciency and financial metrics.
SAM was developed by the U.S. Department of Energy’s
National Renewable Energy Laboratory (NREL) [150]. SAM
simulates photovoltaic, concentrated solar power, solar water
heating, wind, geothermal, and biomass power system effi-
ciency, as well as a simple standardized model for compari-
sons with traditional or other types of systems [151]. This is
an electricity-generating model that assumes the RE system
delivers its power to a grid- and off-grid-connected house,
the electric grid, or a facility to satisfy an electric demand
[150]. It is used to model real-world scenarios using local
weather data and manufacturer-supplied equipment data. A
system’s produced output may also be used as an input into
that system or other systems [152].

6.1.3. The Selected Site and Data Collection. In this study, to
achieve the study’s goal of evaluating the technical and eco-
nomic performance of CSP and PV systems at the chosen
location, the selected site as shown in Figure 15 was chosen
to collect data based on the size of the system and load
demand. The location was selected to analyze their ability
to support large-scale PV and CSP power plants by evaluat-
ing their technoeconomic potentials. The provision of quality
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TaBLE 9: Selected site geographical data.

Parameters Values
Latitude (°N) 50.29
Longitude (°E) 2.42
Altitude (m) 121
Annual DNI (kWh/mZ/day) 3.22
Average ambient temperature (°C) 19.98
Average wind speed (m/s) 3.0

TaBLE 10: Monthly energy consumption in 2019.

Month Consumption (kWh)
January 193
February 200
March 200
April 250
May 250
June 250
July 300
August 300
September 200
October 200
November 250
December 193

solar resources (i.e., DNI) is of the greatest priority when
selecting the best sites for CSP implementation in a country
[153]. CSP technologies absorb and concentrate DNI inci-
dent on the surface of the earth to heat a working fluid and
then generate energy through a thermodynamic cycle. The
selected site Mukungu is located in the western province at
50.29°N latitude and 2.42°E longitude. This site according
to data from the National Solar Radiation Database (NSRDB)
records has an annual average of solar global horizontal of
3.06 kWh/m?/day. Solar radiation availability has a major
impact on the economic feasibility of large-scale PV power
plants. The amount of solar radiation available at a given
location has a major effect on the levelized cost of energy
(LCOE) [154]. The hourly weather data features of the study
sites collected from NSRDB are shown in the graph of
Figure 16 below.

6.1.4. Selected System Details and Components

(1) PV System. This technoeconomic feasibility study’s key
contribution is to provide fundamental information for the
viability of residential PV system use in the off-grid area in
Rwanda. The proposed residential system design has a
5kWp capacity and is made up of 20 monocrystalline silicon
modules with a nominal power rating of 250 Wp each and a
total module surface of 35m? Furthermore, two inverters
with a combined AC power of 4.2kW have been employed
in this analysis. The system configuration is 10 modules per
string with a DC-to-AC ratio of 1.2. PV modules have a 25-
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FIGURE 17: Load profile.

year life expectancy, with a 0.5 percent annual deterioration
factor, while the inverter’s life expectancy is set at 15 years.

(2) CSP System. CSP technologies absorb and concentrate
DNI incident on the earth’s surface to heat a working fluid
and then generate energy via a thermodynamic cycle. The
solar resource assessment is crucial for solar project site selec-
tion, annual power generation forecasting, and temporal out-
put forecasting. Many factors go into determining the best
locations for CSP installations in a country, but the availabil-
ity of good solar resources (i.e., DNI) is critical [155]. For
modeling CSP plants in the specified locations, reliable
hourly DNI predictions are needed. The study introduces a
methodology that can be used to investigate the technoeco-
nomic feasibility of CSP technology in other developing
countries, especially those in Sub-Saharan Africa since the
methodology addresses the effects of such economies’ high
financial uncertainties. A solar tower plant was chosen to
be implemented in our study because it has the highest
annual electrical energy generation, higher capacity factor,
and lowest levelized cost of electricity.

In this report, Mukungu village, which is located in the
Karongi district of Rwanda’s western province and has
GPS coordinates of S 02013 9310" and E 29024.590, was
chosen to be used. Table 9 shows the survey site’s essential
topography and ambient weather conditions (as determined
by the NSRDB). Different parameters like direct normal irra-
diation (DNI), global horizontal irradiance (GHI), and

direct horizontal irradiance (DHI) are presented as shown
in Figure 16.

6.1.5. Load Demand. The selected site as illustrated in
Table 10 shows the monthly energy usage of the area based
on real electricity bills. There is no significant change in load
consumption since there is no summer or winter as a result of
moderate temperature. The average annual average load con-
sumption is 232 kWh/m?. The monthly cumulative electric-
ity consumption is used by the system advisor model to
approximate the monthly and annual load demands as
shown in Figure 17.

6.1.6. System Costs and Economic Parameters. The capital
cost, operating maintenance cost, and running cost of resi-
dential PV systems all play a role in the project’s economic
viability. The technology and installation costs were calcu-
lated using the cost database of the International Renewable
Energy Agency (IRENA) [156]. The overall cost of capital
investment is estimated to be $11,529.46. Dissimilar to rotary
power conversion technologies, a PV system has no tangible
operating costs, though dust accumulation on the PV mod-
ule’s surface necessitates minimal cost of maintenance. The
annual cost of operation and maintenance (O&M) is calcu-
lated to be $9 per kW. Furthermore, financial variables such
as Rwanda’s interest and inflation rates were also taken into
account. The deposit fraction (percentage of total capital cost
to be borrowed) is set at 100% in this report, with a five-year
loan term and a 2.5 percent interest rate.
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FIGURE 19: Time series data of ambient temperature.

6.1.7. Solar Resource. Solar irradiance and ambient tempera-
ture are two important factors that affect the performance of
a PV system. As a result, the main inputs for estimating the
system’s size and performance are daily average solar radia-
tion and daily average ambient temperature. Rwanda is
located on a horizontal surface near the equator, with plenty
of sunshine and global solar radiation ranging from 4.8 to
5.5kWh/m*/day [41]. The PV module output as shown in
equation (1) can be calculated by [157]

G
Ppy =Ypyfpy (GT STTC> [1-aP(Tc—Tegre) (1)

where Y}y is the PV power output under standard test con-
ditions (kW), fp is the PV module derating factor (%), Gy
refers to the solar radiation incident on the PV module
(kW/m?), Grgrc represents the incident radiations at STC
(1kW/m?), aP indicates the temperature coefficient of power
(%/°C), T, refers to PV cell temperature in the current time
step (°C), and T gy is PV cell temperature at STC (°C).

A system advisor model allows the user to download data
files from the National Solar Radiation Database (NSRDB) or
upload any available climatic data in a comma-separated
values (CSV) format for solar resource data for sites not
included in the software library for the selected location.

In this study, we used data derived from the weather data
0f 2019 downloaded from NSRDB. The global horizontal irra-
diance (GHI) and ambient temperature time series data are
presented in Figures 18 and 19 based on the data obtained.
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6.2. Economic Metrics Modeling for CSP and PV. In order to
determine energy management policies for any country, fea-
sibility analyses and assessments of different energy system
projects are essential. A viability study helps capital owners
make the best decisions by contributing to the optimal alloca-
tion of energy resources at the state level. The LCOE and
NPV metrics were used to calculate the viability of the power
plants to perform the economic analysis. The software’s
financial model determines the project’s inflows and outflows
of cash over the course of its operating period. The value of
electricity produced, incentives, project capital costs, operat-
ing and maintenance costs, dividends, and debt are all
included in cash flow. The model also determines the after-
tax cash flow’s net present value and the payback period,
which is the time it takes for the total after-tax cash flow to
cover the project’s initial capital cost.

6.2.1. Levelized Cost of Energy (LCOE). Over the project’s life-
time, the levelized cost of energy (LCOE) estimates the price
of per unit energy ($/kWh). The LCOE is a metric that is used
to compare the kWh costs of various power system technol-
ogies. As expressed in equation (2), the LCOE is calculated by
dividing the project’s lifespan cost by the predicted energy
output [158].

LCOE = =€ 2)

grid

where LCC is shown in equation (3) which is the lifecycle
cost and Egq is the system energy yield. The lifecycle cost
covers the initial capital cost, operation, and maintenance
costs, as well as the substitution cost minus the salvage value,
which is the project value at the end of the system’s lifecycle.

LCC= Ccapital+ZCO&M+ZCreplacement - Csalvage’ (3 )

where C,;i, is the capital cost, Cpgyy is the operation and
maintenance cost, Ceplacement 18 the replacement cost, and
Cialvage 18 the salvage value or the project value at end of life.

The modeled CSP plants’ main goal is to reduce the leve-
lized cost of electricity (LCOE) provided by the CSP installa-
tions over their lifetime. To optimize a CSP plant, evaluate
the TES capability and solar field size (i.e., SM) that maximize
the economic benefits (i.e., reduce the LCOE). The ideal solar
field area should optimize the amount of time the solar field
produces enough thermal energy to drive the power block (at
its rated capacity), reduce installation and operating costs,
and take into account the TES system’s efficiency and cost-
effectiveness. The whole project lifespan costs and the total
amount of electricity provided by the system are accounted
for in the LCOE.

The model calculates both the real and the nominal
LCOE for CSP as illustrated in equation (4). The nominal
LCOE is a current dollar value, while the real LCOE is a fixed
dollar (inflation-adjusted) value. The real (current) dollar
LCOE was used in our analysis because it is more suitable
for long-term analyses (to account for many years of inflation
over the project life), while the nominal (constant) dollar
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LCOE is more appropriate for short-term analyses (to
account for many years of inflation over the project period).
The following equation shows the real LCOE [159]:

- (Z: lcn/(1 + dnommal) )
(Zn:IQn/(l + dreal) )

LCOE(real) = ~Co . (4)

where Q, (kWh) is electricity generated by the system in
year n (calculated by the performance model), N is the
analysis period in years, C, is the project’s equity invest-
ment amount, C,, is the annual project costs in year n (incl.
installation, operation and maintenance, financial costs and
fees—account for developer’s margin defined by the pro-
ject’s internal rate of return, and tax benefit or liability
and also account for incentives and salvage value), d,.,; is
the real discount rate (the discount rate without inflation),
and d .. is the nominal discount rate (the discount rate
with inflation).

6.2.2. Net Present Value (NPV). The distinction between
today’s cash inflow and cash outflow over the lifetime of a
project or company is referred to as the net present value.
NPV in equation (5) is calculated during the planning phase
of a project to determine its profitability, as shown in the fol-
lowing [160]:

revenue,; — cost,
NPV = d , 5
,Z(; (1+ d )

where N is the number of years of the economic analysis, ¢ is
the year variable in each summation, d refers to the discount
rate, revenue, is the PV system revenue in year t, and cost,
represents the system cost in year ¢.

6.2.3. Internal Rate of Return (IRR). The internal rate of
return is the discount rate at which the net present value
of a specific investment’s cash flow is zero. This rate is
used to determine whether or not a potential investment
would be profitable [160]. It can be calculated in equation
(6) as follows:

IRR : NPV = irevenue[ —cost,

t=0 (1+ d)t ©)

6.2.4. Payback Period (PbP). The time it takes for an invest-
ment to pay for itself in terms of earnings or net cash flow is
known as the payback period. A simple payback period and
a discounted payback period are the two types of payback
periods. A simple payback period is one where the income
equals the investment cost, whereas a discounted payback
period takes the time value of money into the account. For res-
idential PV systems, a simple payback period is provided as
shown in equation (7) as follows [160]:
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PV price — federal ITC
annual PV revenue —- O&M °

Simple payback period = (7)

6.3. Results and Analyses

6.3.1. Technical Analysis. The technoeconomic results for the
modeled 5kW solar PV power plant and 50 MW concen-
trated solar tower for the chosen Rwandan site are presented
in this section. According to simulation results, the Mukungu
solar power plant (PPP) produced good annual energy,
owing to the area’s high solar radiation. PV power plants dif-
fer from other renewable energy sources in that they go off-
line at sunset and stay that way until sunrise, which
contributes to their low-capacity factor (CF) values when
compared to other power plants. From the results obtained,
the selected site has a CF of 15.5% and the recorded CF for
the studied area is within the permissible CF range for PV
power plants all over the world. According to [161], the CF
for fixed mounted PVs around the world, as in the case of
the modeled PV power plants in this research, ranges from
15% to 21%, putting this work on the right track in terms
of performance, similar to what is currently available in other
operating power plants around the world.

On the other hand, for CSP systems, the parameters
representing energy quantities and the total energy produc-
tion, the performance ratio, and the capacity factor are
among their components. These variables aid in the evalua-
tion of similar projects in order to decide which is the most
efficient. To evaluate the effectiveness of the CSP technolo-
gies examined, the total energy yield (annual electrical energy
generation (AEQG)), the capacity factor (CF), the land (area)
requirement, and the annual water usage/consumption
(AWU) have been used.

6.3.2. Energy Production. The simulation result indicates that
the total monthly energy production over the first year varies
between 195kW in January and 300kW in July. The total
electric energy generated by the system in the first year is esti-
mated to be 839 kWh, with the monthly energy produced as
shown in Figure 20 with an average of 416 kWh.

The annual energy production over the lifetime period is
depicted in Figure 21. CSP systems focus the sun’s energy
using reflective devices to generate heat, which is then used
to generate electricity. The upfront and the overall cost is
high though the output power is also high.

6.3.3. Economic Analysis. The levelized cost of energy, pay-
back period, and net present value are all part of the eco-
nomic feasibility analysis for the PV system. The economic
indicators for the PV system are summarized in Table 11
after determining the system’s lifetime expenses and reve-
nues using IRENA’s renewable energy cost estimate. The
nominal and real LCOEs are 0.96 $/kWh and 0.76 $/kWh,
respectively. The nominal and real LCOE are both competi-
tive with Rwanda’s electrical company tarift.

The LCOE is a useful tool for comparing the cost of PV
energy production in different sites or with alternative power
generation, but it is insufficient for determining financial prof-
itability. That is why the net present value and payback time



24

700
600

500 ]

(kWh)

400
300
200

100

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Month

()

International Journal of Photoenergy

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Month

(®)

5e+07

4e+07
3e407
2e+07

1e+07

0_

FiGure 20: Monthly energy production (a) by the PV system and (b) by the CSP system.
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FIGURE 21: Total yearly lifetime energy yield (a) by the PV system and (b) by the CSP system.

are calculated. The net present value is one of the key princi-
ples that cannot be overlooked when evaluating grid-
connected PV system feasibility. The net present value depicts
the current worth of future net income over the task’s lifetime.
The estimated net present value of the system over its lifetime
is $131,239 for our PV system while it is $451.091million for
our CSP system which is big compared to that for the PV sys-
tem. CSP provides a lot of electricity to the user but investment
cost is very high compared to the PV system. A positive NPV
means that the investor is making money and vice versa as
shown in Table 11. This PV system discounted payback

period, or the amount of time it will take to recoup its invest-
ment cost is 11.1 years. LCOE and NPV indicators highlight
residential PV systems’ competitiveness as electric utilities in
terms of energy costs. The long-term discounted payback
period, on the other hand, decreases the investment appeal
and desirability of PV system installation for investors.
Eventually, we compared the optimized cost metrics of a
50 MW solar CSP power plant under the same condition with
PV. To evaluate the performance of the CSP technologies
under consideration, the total energy yield (annual electrical
energy production (AEP)), the capacity factor (CF), the land
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TaBLE 11: Economic evaluation between PV and CSP systems.

Indicator 13Y% CSP

LCOE (nominal) 0.82 $/kWh 16.89 ¢/kWh

LCOE (real) 0.24 $/kWh 14.08 ¢/kWh

Electricity bill without the system (year 1) $474 —

Electricity bill with the system (year 1) $175 —

Net saving with the system (year 1) $298 —

NPV $131,239 —

Simple payback period 6 years —

Discounted payback period 11.1 years 25 years

Net capital cost $13,400 $899,820,288

Loan $13,400 —

Equity $0 $1,247,413,248

Capacity factor — 21.0%

Annual water usage — 79,921 m>

Year IRR is achieved — 25 years

Annual net electrical energy production — 505,789,536 kWh

(area) requirement, and the annual water consumption
(AWC) were used. The levelized cost of electricity (LCOE),
an economic estimate of the cost of energy from a generating
project, is the value at which electricity from a given source
must be produced in order for the project to break through
over its lifespan. Because the study is based on a long-term
scenario, the real LCOE, instead of the nominal one, is more
fitting. The modeled solar tower CSP that was chosen due to
its potential to work in hotter conditions (high temperature)
has an LCOE of 14.08 ¢/kWh (¢/kWh, cent per kilowatt
hour) which is high with respect to that of the PV system.
Having a positive net present value of $451.091 million
means that the project is viable. They do, however, have the
highest overall installation cost (OIC), which is approxi-
mately $643.90 million compared to the PV system. Some
parameters as shown in Table 11 determine our CSP solar
tower output characteristics and PV system.

7. Discussion

Geographical position, political stability, and the availability of
the RE Act were established as the key strengths for the sector
as the results of the weighted analysis. The key opportunities
are regional integration and growing electricity demand, while
inadequate research and development (R&D) and changing
environmental conditions are the main challenges to the suc-
cessful development of RE in the country.

A strong desire for growth in the industrial, commercial,
and domestic sectors in Rwanda will increase electricity
demand. The erratic and unpredictable existence of solar
energy can be replaced by CSP thermal energy storage tech-
nology, and its advancement is of great importance for the
welfare of human communities.

To ensure solar energy access to the people of developing
countries requires understanding their everyday life. Finance
conditions dictate whether or not the implementation of the
project will be successful or not. SAM as a computer technoe-

conomic model that helps financial metrics of renewable
energy projects has made easy the decision making on the
project feasibility. Technologies represented in SAM include
photovoltaics (flat plate and concentrating), concentrating
solar power (parabolic troughs, towers, linear Fresnel, dish
Stirling), solar water heating, wind, geothermal, and biomass
[162]. Project developers, equipment manufacturers, and
researchers use SAM results in the process of evaluating
financial, technological, and incentive options for the renew-
able energy project. SAM calculates the levelized cost of
energy (LCOE) and other metrics for renewable energy pro-
jects by integrating annual time series power output models
with financial models [163]. The final results of SAM allowed
researchers to look at patterns for various system designs and
compare them to other technologies.

Thermal storage involves transferring usable energy from
the collector to the storage medium, which is converted into a
rise in internal energy. Solar energy can be captured and
stored by thermal, electrical, chemical, and mechanical
methods [164]. This can happen with or without a phase
change. Storage medium, tube, insulation, heat exchangers,
heat-transfer fluid, pumps or blowers, and controls are com-
monly found in the recognizable subsystem. The storage
temperature(s) and the storage period are two factors to con-
sider when selecting a thermal storage device. Some storage
technologies are currently being demonstrated to add value
to solar, but a cost reduction is needed to achieve broader
profitability [165]. The storage shall possess the following
properties to be very useful to the users: (a) storage propertie-
s—high storage capacity, long charge/discharge times, good
partial-load feature, and acceptable round-trip efficiency
and (b) financial performance—low price per kWh heat
energy stored, easy to maintain, and environment friendly
[166]. The storage systems are projected to have a combined
power rating of 1-20 MW (charging and discharging) and a
storage capacity of 2-6 hours for on-demand transmission
to the electric grid [167].
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Stand-alone PV solar home systems (SHSs) and solar
lamps (which are collectively referred to as off-grid solar
devices, as well as solar PV minigrids) are some of the modern
solutions that have rapidly increased in popularity throughout
the developing countries [168]. Rwanda declared goals to
improve access to electricity to even more than 70 percent
by 2018, out of which 22 percent will be by off-grid connec-
tions [169]. At least 9% of the citizens in at least ten territor-
ies—Benin, Burkina Faso, Fiji, Jordan, Kenya, Papua New
Guinea, Rwanda, Samoa, Tanzania, and Vanuatu—has gained
from off-grid solar lighting systems [169]. In Table 5, the
report in 2018 compares Rwanda’s success in terms of renew-
able energy access to that of other countries with comparable
levels of growth. The Rwandan government has shown trans-
parent and massive support for the off-grid solar sector and
included it in its budget of Economic Development and Pov-
erty Reduction Strategy II [170]. In Sub-Saharan countries,
e.g., Rwanda like other countries, grid connections are typi-
cally only located in the urban centers and their neighbor-
hoods. Electricity companies do not have enough generating
capacity or facilities to increase access to electricity [171-
173]. Due to the human landscape of the country, where a sig-
nificant majority of the population reside in rural areas and
smaller communities, widespread access to electricity by grid
extension is extremely expensive [171, 174, 175].

Given high energy savings and high energy efficiency,
CSP plants are expected to generate a global electricity supply
of 7% by 2030 and 25% by 2050 and could reach up to 6% of
the world’s energy demand by 2030 and 12% by 2050, as per
the European Solar Thermal Power Association’s forecasts
[7]. Many variables demand the need to broaden or diversify
the energy generation mix of a nation. For its electricity pro-
duction, Rwanda relies mainly on hydro and fossil fuels. This
puts a lot of pressure on the country’s budget as fossil fuel
prices rise, particularly as the country imports more fuel to
run its thermal power plants.

Research on the SWOT study of the RE sector in Rwanda
suggests the following suggestions for policy makers and
decision makers in the country to assist with the growth of
the RE sector.

(i) Strengthen political regime: the country’s stable poli-
tics of sustainability and development needs to be
strengthened to further open up the country to
domestic and foreign investments. The continuity of
foreign direct investment (FDI) projects, in particular
projects that are severely affected by current policies,
is maintained by a stable political regime [176]. This
is because FDI ventures are generally long-term
investments, so investors prevent such investments
in nations with risks that could adversely affect their
potential return. In certain situations, political uncer-
tainty leads to changes in policies, economic support,
and legislation that pose a major challenge to FDI
projects in the RE sector [177].

(ii) Foreign cooperation: because of the high initial
investments necessary for RES growth, it is difficult
for the country to fund large-scale power plants
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alone, hence the need for foreign participation. By
offering consistent policy support that can survive
any regime change, the government can encourage
international cooperation

(iii) Enhance research and development: this sector is
efficient with strong R&D, the higher the sector’s
production, the more energy generated, and there-
fore, it will be necessary for the government to take
a serious look at R&D. A research fund for the sector
needs to be set up where research centers can access
funds to embark on their research. By setting up
technology centers where such research can be sent
for further study and commercialization if bankable,
the situation where research performed by scientists
is not commercialized can also be reduced

With broad consensus among various stakeholders, the
SWOT analysis revealed several supporting and limiting fac-
tors. Due to solar energy abundance, Rwanda will be posi-
tively and significantly impacted if it is well exploited.
Therefore, minigrids and PVs are mostly encouraged to get
affordable electricity to the people. This is so because the
solar power plant construction period is shorter and quicker
than other forms of energy. This may positively impact the
Rwandan economy as the price of energy may fall and people
may access it more readily.

Nonetheless, the SWOT study found some risks that
could prevent this from happening. A typical burden for
the government to invest in new generation capacity has been
the heavily subsidized electricity costs. Since most solar
energy, especially CSP, requires a large financial investment
to be bankable or feasible, a national policy based on recruit-
ing investors might demonstrate the energy development
potential in solar energy by generating new plans to privatize
the solar energy market.

8. Conclusion

In general, Rwanda has already accepted the critical role of
electricity in enhancing the health and living conditions of
its citizens. To this end, the country has been working vigor-
ously to increase the rate of electrification especially in rural
and remote areas where the distribution of electricity is gen-
erally difficult. For example, the Sustainable Energy for All
(SE4All) Initiative launched in 2011 was mainly to boost
the contribution of energy from renewables in the overall
energy mix. It was also initiated to serve as a direct response
to the problems of electricity shortage that was observed in
the country, especially in the regions far away from the grid
connection. High energy cost has been a heavy burden for
the low- and middle-income people and it has greatly
affected both their economic growth and basic infrastructure
development. In this study, we summarized the status quo of
CSP and PV systems in Rwanda by considering their
strengths, weaknesses, opportunities, and threats (SWOT).
Also, we conducted the techno-economic assessment on the
practicability of PV and CSP systems and implementation
using the System Advisor Model (SAM). The results of the
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study provide an overview of the features of the solar technol-
ogies available.

The input data used in the implementation of the SWOT
analysis were obtained from relevant shareholders from the
government, power producers, and operators of mini-grid
off-grid private companies in Rwanda. The study examined
the likelihood of finding a reliable and affordable power gen-
eration system by considering the accessibility of people in
the low- and middle-income groups. This is because the elec-
tric grid is not widely available to the masses, especially to
those living beyond urban areas where regular power outages
lead to significant losses. When the grid is down, customers
must absorb the loss of production or resort to the relatively
high cost of diesel backup power. The techno-economic per-
formance and financial metrics result from modeled PV and
CSP systems using SAM are shown in Table 11. The net pres-
ent value has proved that the viability of both PV and CSP is
possible where the net capital investment for PV is low com-
pared to that for CSP. Also, both the Levelized and the pro-
ject internal rate of return showed that the investment can
be returned after a short period for the PV system than for
the CSP system. Therefore, the viability of CSP can be greatly
influenced by the government budget as it requires lots of
money; PV system design and implementation are preferred
due to its low investment cost and payback period.

Recently, the implementation of huge hydropower pro-
jects in Rwanda has destroyed large areas of the country.
Through the SWOT analysis and using the data from govern-
ment, power producers, and mini-grid oft-grid private com-
panies, the scenarios for deploying the CSP and PV systems
are recommended as the first choice to boost sustainable
energy for all in Rwanda (achieving universal energy access).
As Rwanda receives some of the highest levels of annual radi-
ation globally, people have to understand the contribution
that solar energy could make in enhancing access to energy
for all using PV and CSP plants. Undoubtedly, renewable
energy such as solar PV is one of the best technologies to
tackle the issues of the rising of carbon emissions, as the for-
mer does not pose any threat to key conservation areas in the
country. Accordingly, the proposed solar technologies could
be applied to other rural areas in Sub-Saharan African coun-
tries and elsewhere in the world, particularly the regions with
similar climate conditions and SWOT analysis factors.

From the very recent literature of the Rwanda power sec-
tor and elsewhere, the comparison summary describing the
analysis of the SWOT methodology is provided in Table 7.
In light of this, we believe that both the PV and CSP technol-
ogies can significantly boost the continued implementation
of Sustainable Energy for All (Se4all) in Rwanda today,
tomorrow, and beyond. Although our findings have shown
that CSP systems have the potential of producing a large
amount of electricity which can serve a big number of citi-
zens and help to avoid frequent power outages in the country,
the initial/upfront investment and material use pose a big
barrier to the investor wherein a country like Rwanda, people
can be exposed to the high cost of electricity. However, the
CSP system is more advantageous for industrial use and
other big projects and this study recommends the implemen-
tation of PV solar technology for general use (i.e.; to provide
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utility-scale electricity for the people who do not have access
to electricity) to accelerate the universal electrification in
Rwanda due to its availability, reliability, and affordability.
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