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Abstract: Energy demands have been increasing worldwide, endangering the future supply—demand
energy balance. To provide a sustainable solution for future generations and to comply with the
international goal to achieve Carbon Neutrality by 2050, renewable energies have been at the top
of the international discussions, actively contributing to the energy transition and climatic policies.
To achieve the international goal, Angola proposed a long-term strategy that promotes a fair and
sustainable development of the national territory by means of improving the electric sector. Among
all the renewable resources, solar energy is found to be the most promising solution since it has the
second major renewable energy potential in Angola. However, the main problem related to solar
energy is the efficiency of the solar systems and the electrical and thermal energy storage. As part of
the solution, Concentration Solar Power (CSP) can make a sounder contribution to the transformation
of the Angolan energy sector since it enables a significant increase in energy intensity through the
concentration of solar energy. Moreover, the large applicability of this technology can contribute

to the development of the rural regions which still struggle for energy equity. By considering the

check for

updates potential of CSP, this work presents the status of the Angolan energy sector, and focus is provided
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the parabolic dish systems are presented, and the contribution and innovative solutions for the
enhancement of thermal efficiency are presented.
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1. Introduction
A. Hayward

Angola is a vast country, with 1,246,700 km?, whose energy sector suffers severe
shortages of power production supply mainly due to weak power infrastructures, which
constrained its development [1]. Moreover, it is estimated that in 2019, 58% of the popu-
lation did not have access to electricity, mostly due to the huge costs involved with the
Publisher’s Note: MDPIstaysneutral  installation of large grid-connected power lines over vast distances to supply a small num-
with regard to jurisdictional claims in  ber of individuals [2]. In order to contribute to the development of the Angolan energy
published maps and institutional affil-  sector, renewable energies have been at the top of governmental discussions. The most
iations. abundant resource, hydropower, has been greatly exploited, representing approximately

63% of the total electrical energy produced in the national territory [3]; solar energy has

only been slightly explored despite being the second major renewable resource. Therefore,

- studies have already been conducted by the Angolan government to estimate the potential

of the installation of new solar systems for the production of energy, and a total of 17.3 GW

of solar photovoltaic projects for energy production have been identified and analyzed [4].

Even though photovoltaic systems have been considered the most appropriate technology

to harness Angolan’s solar resources, their intermittent character and unpredictable nature

Attribution (CC BY) license (https:// endanger the balance between supply and demand [5]. In order to overcome this situation,

creativecommons.org, licenses /by / CSP combined with thermal energy storage was identified as a promising solution for the
10/). future of the worldwide energy sector [5-8].
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CSP technologies can be divided into four different types: Solar Power Tower, Parabolic
Dish System, Linear Fresnel Reflector (LFR), and Parabolic trough [9]. From these tech-
nologies, the parabolic dish has been considered one of the most promising solar thermal
solutions due to its versatility, high reflectivity, and concentration ratio [10,11]. However,
research is needed to increase this system’s efficiency. Power generation through the solar
thermal route relies on an efficient solar receiver. The receiver, placed at the collector focus,
can use the incoming energy to produce electricity through a Stirling engine or thermal
energy by heating a fluid that can be used in a thermal cycle such as the ORC. Other
thermal applications with high temperatures consist of solar cooling, drying, cooking, and
desalination, which are of great interest, mainly for rural populations who do not have
access to electricity [11-13]. In order to increase the parabolic dish’s efficiency, several
studies have been conducted, focusing on the solar receiver design [14-18], heat transfer
fluid (HTF) [10,19-23], and heat transfer enhancement techniques [16,24-26]. In addition to
enhancing thermal performance, the development of innovative hybrid systems to generate
both electricity and heat at reasonable costs and high thermal efficiency can be a key feature
in accelerating the dissemination of this technology in Angola and worldwide [12].

From the literature review, it was found that relevant works present the recent develop-
ments that have been conducted in the parabolic dish research field [5,11-13,27-29], while
few works approached the energy potential of CSP technologies in Africa [30-32]. In order
to provide relevant insights regarding the actual situation of the Angolan energy sector
and future projections in order to comply with the international goal of Carbon neutrality
by 2050, this work presents an overview of the consumption and production of electrical
energy, the potential of solar energy in Angola and emphasis is provided to the Parabolic
dish technology. This work intended to provide an overview of innovative solutions devel-
oped to enhance parabolic dish systems, showing the advantages that this technology can
bring to countries that are currently developing and improving their energy sector.

2. Status of the Angolan Energy Sector

This section describes the current state of electricity consumption and production in
Angola, and emphasis is provided on the renewable energy technologies implemented in
the Angolan territory.

2.1. Energy Consumption

According to data published in 2016 by the Angolan Ministry of Energy and Wa-
ters [33], the energy sector in Angola is characterized by a low consumption per capita
(about 375 kWh per inhabitant), resulting from a low electrification rate. Data from 2021
show that about 42% of the population has access to electricity, of which 37.8% through
connection to the national electricity grid [1]. The provinces in the inland of the country
have the lowest levels of access rates, such as Bié, Cunene, and Lunda Norte, which are
around 10%, while in Luanda, the access rate is 66%, and in Cabinda, it is 52% [33,34].

Electricity consumption in Angola is mostly urban and residential, as can be observed
in Figure 1. In 2015, the domestic segment represented around 45% of all production,
while services and industry were around 32% and 9%, respectively [34]. It is estimated
that technical losses in the electrical network are close to 14% due to the current state of
conservation of the network.

In geographical terms, consumption is still very concentrated in the northern system,
which represents around 78% of the country’s total electricity consumption [33]. This
value is mainly related to the location of the province and city of Luanda, which records
the highest number of inhabitants, around 7,976,907 recorded in 2015 [34], presenting the
highest concentration of industries and services in the entire country consequently.
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Figure 1. Electrical consumption in Angola, 2015 (data retrieved from [34]).

Due to this strong discrepancy, Angola was included in the top 20 countries with a
deficit in access to electricity, published by SDG7 in 2021. SDG7 estimated that in 2019,
17,000,000 people did not have access to electricity, representing 58% of the Angolan
population [2]. This deficit in electricity access is related to the lack of infrastructure for the
generation, transport, and distribution of electricity, as well as the high level of losses in
the electricity grid due to the bad state of the distribution network, mainly associated with
the lack of investment in the energy sector [33]. Additionally, Angola currently has one of
the lowest electricity tariffs in sub-Saharan Africa, which leads to financial sustainability
issues for ENDE (National Energy Distribution Company) that “creates a market distortion
that makes renewable solutions not appear to be as competitive as they already are” [4].

In addition to this deficiency in electricity distribution across the country, Angola
presented, between 2010 and 2019, an increase in access rate of 46% [2], which is mainly
due to increasing efforts in electrification conducted by the Government of Angola; the im-
provement of the population’s living conditions, which translates into greater consumption
of electricity and the increasing available production capacity [33].

2.2. Major Sources of Energy for Electrical Production

Electricity in Angola is produced by the company PRODEL (public electricity pro-
duction company). In 2021, the total installed capacity of electrical production, expressed
in Table 1, was 5.9 GW, divided between 62% hydropower and 37% thermal energy, in a
market dominated by PRODEL, where there are 66 power stations, of which 63 are public,
one corresponds to a partnership public—private, and two are private [3]. As previously
mentioned, Angola is a country with a vast area, with the majority of the population located
in the cities. Therefore, it is too costly to supply energy to a small number of people located
in rural areas [35]. The solution implemented by the government was the implementation
of Hybrid Power Systems (HPS) through solar photovoltaic panels, small wind turbines,
diesel engines, micro gas turbines, and energy storage systems to supply populations
located in remote areas [1]. HPS currently represents 0.6% of the total installed capacity.
Data published by the company PRODEL, and presented in Table 1, show the installed and
available electric energy production capacity in Angola [36].
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Energy Generation (GWh)

Table 1. Current installed vs. available production power plants, 2021 (data retrieved from [36]).

Generation Type Power (MW) %
Total installed 5908 100.0
Hydropower installed 3676 62.2
Thermal installed 2197 37.2
Hybrid installed 35 0.6
Total available 4738 100.0
Hydropower available 3349 70.7
Thermal available 1362 28.7
Hybrid available 27 0.6

Even if most of the electricity produced in Angola comes from hydroelectric power
plants, amounting to 62%, the thermal plants (37%) include seven plants with gas turbines,
of which one with a combined cycle and 35 with diesel engines [3]. The fuels used for
energy production are non-renewable and pollutant sources such as diesel, jet B, and natural
gas. Data from 2018 show that the total CO, emissions recorded in Angola are 17 Mt CO5,
and this scenario is expected to increase to 33 Mt CO, by 2040 due to the population
and GDP growth [37]. Focusing on the emissions induced by energy generation, data
presented in Figure 2 show that, with the introduction of the hydropower plants, the CO,
emissions decrease since fewer thermal plants that use fossil fuels are used for electricity
and heat generation. Therefore, it is expected that the reduction in these emissions will
highly decrease in the coming years with increasing the investments in the renewable
energy sector.
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Figure 2. Energy generation by sources and respective CO, emissions over the past 30 years (data
retrieved from [38]).

2.3. Renewable Energy Sector in Angola

As previously mentioned, Angola currently relies mostly on hydropower and oil
for power generation. According to the data presented by [2] and expressed in Figure 3,
renewable energy consumption relies only on hydropower, which in 2018 achieved a total
of 56.8%. The final consumption of this energy is heat, rising to a total of 202.3 PJ, followed
by electricity consumption, 27.1 P]. However, no renewable energy is yet used in the
transportation sector.
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Figure 3. Renewable energy consumption in Angola, 2018 (data retrieved from [2]).

Although hydropower is the only renewable source to produce energy, Angola has a
strong potential for other resources. According to [4], in 2018, this potential extended to
42% hydro, 40% solar, 9% wind, and 9% biomass. The government has already identified
these resources as the leading technologies for electricity production. Therefore, the policy
targets pointed out by the Angolan government by 2025 are the implementation of 100 MW
of solar PV, 370 MW of small and medium hydro, 500 MW of biomass, and 100 MW
of wind [37]. These initiatives are expected to reduce GHG emissions by 2030 by 35%
(unconditional scenario) and 50% (conditional scenario). A list of future projects can be
found in [4]. However, even if CSP technologies were proven to provide an effective
response to energy supply security in the future due to their high efficiency, low operating
costs, scalability to low and high-temperature applications processes, and to be carbon-
free [5], currently, there are no systems implemented in Angola. By considering the potential
of this country regarding solar resources, it is important to demonstrate the advantages of
the implementation of these solar technologies, which can highly contribute to the national
strategy in the energy sector.

2.4. Future Projections

Projections presented by the Angolan government show that, by 2025, the electrical
demands are expected to reach 39.1 TWh, with a strong share of the domestic segment
(37%) and an important contribution from services (28%) and industry (25%) [33]. The
electricity demand projection is directly related to an increase in national wealth (GDP) and
the increase in electricity consumption [39]. Therefore, forecasting a continuous growth
in the national income, strong pressure to increase the available generation for irrigation,
cooking, heating, cooling, and lighting is expected.

In order to follow the consumption trends and meet the energy demands, Angolan
electricity generation is expected to reach nearly 50 TWh by 2040, with cheap hydropower
and gas as the main technologies used, followed by oil, solar PV, and bioenergy [37]. Studies
suggested that the total potential for solar energy is about 17.3 GW; followed by biomass,
1.5 GW; and wind and hydro, 0.6 GW each [40]. Moreover, to supply rural populations, the
National Strategy for New Renewable Energies in Angola proposed the implementation
of 500 solar villages by 2025 over the entire country, with special emphasis on the Central
southern region [33].

3. Solar Resources in Angola

This section presents the geography, climate, and topography of the Angolan territory,
and emphasis is given to the solar radiation resource of the country. The provided infor-
mation is the basis for the discussion of the potential application of CSP technologies in
Angola. Finally, some market drivers for CSP systems implementation are presented.

3.1. Geography, Climate, and Elevation of the Angolan Territory

Angola is located on the southern Atlantic coast of the African continent; the country
is divided by an arid coastal strip, which extends from Namibe to Luanda provinces. A
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humid interior plateau, a dry savannah in the south and southeast interior, and tropical
forest in the north and in Cabinda characterize the Angolan climate [41]. The coastal
strip is tempered by the cold Benguela Current, and the inland highlands have a mild
climate with a rainy season from November to April, followed by a cooler, dry season from
May to October. The altitudes vary between 0 m at the coast and 2300 m, with the most
inland areas being between 1000 and 2000 m, as can be observed in Figure 4. Vast plains
are considered ideal for the installation of photovoltaic power plants, with the Central
Highlands of Huambo being one of the best places.

Figure 4. Elevation of the Angolan territory (GHI Solar Map © 2022 Solargis).

Despite being located in a tropical area, it has a climate that is not characterized for
that region due to the confluence of three factors [4]: the cold Benguela current along the
southern part of the coast, the relief inside, and the influence of the Namibe desert, to
the southwest.

On the other hand, while the coastline has high levels of rainfall, which decrease from
North to South and from 800 mm to 50 mm, with average annual temperatures above
23 °C, the inland area can be divided into three areas: North, with high rainfall and high
temperatures; Central Plateau, with a dry season and average temperatures of around
19 °C; and South, with very accentuated thermal amplitudes due to the proximity to the
Kalahari desert and the influence of tropical air masses [42].

3.2. Characterization of the Solar Radiation

Angola has a high solar resource potential, with an average annual global solar irradi-
ation in the horizontal plane between 1350 and 2500 kWh/m? /year, as can be observed
in Figure 5. This is the largest renewable resource in the country and the most evenly
distributed throughout the territory. The central and southern regions have the highest
potential for solar energy. Provinces such as Cunene, Namibe, Benguela, and Huila have
the highest solar potential, ranging from 1900 to 2500 kWh/m? /year.

This renewable resource is the most uniformly distributed all over the country. How-
ever, regions along the coast or rivers are exposed to frequent fog, and high locations near
the mountains can experience significant shadows that can reduce the efficiency of the
solar systems. Considering the high solar energy resources in Angola, solar technologies
for the production of both thermal and electrical energy are the most appropriate to take
advantage of this renewable resource.
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Figure 5. Average global irradiation in the horizontal plane in Angola, 2018 (GHI Solar Map ©
2022 Solargis).

3.3. Best Locations for the Implementation of Solar Technologies

CSP systems can be used in different applications, and the production of electricity
is only one of the possible advantages of these solar systems. These solar technologies
provide an effective solution to the high energy consumption related to cooking, irrigation,
and desalination/distillation, among others. In order to estimate the best locations for the
implementation of CSP plants for different applications, it is important to understand the
development plan proposed by the Angolan government for the coming years.

As previously mentioned, Angola is growing, and its current GDP, estimated at USD
199 billion by 2018, is expected to achieve USD 287 billion by 2030 [37]. This growth
stimulates the government to design strategies and establish a set of priority projects that
will boost Angola’s development. These projects are grouped into eight major clusters [34]:
(1) feeding, agro-industry, and forest; (2) housing and construction; (3) oil and natural
gas; (4) tourism and leisure; (5) transport and logistic; (6) mineral resources; (7) Industrial
Development Hubs (PDI); (8) other industries. As presented in [34], the main growth
drivers are the PDI and mining activities, followed by the agro-industry and the construc-
tion sector. The estimated locations of these major clusters of energy consumption are
illustrated in Figure 6.
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Figure 6. Angolan current demographic map and electric grid with locations of the major cluster of
energy consumption expected by 2025 (data retrieved from [34] and GHI Solar Map © 2022 Solargis).

Combining the location of the priority cluster’s energy consumption expressed in
Figure 6 with the solar resources and demography of Angola, it is possible to define the
best location for CSP plants in the function of the final purpose. Starting with industry
and exploitation of mineral resources, CSP power plants can contribute to the production
of clean energy and must be located in the provinces of Lunda Norte and Lunda Sul,
Huila, Namibe, Huambo, Moxico, Bié, and Luanda, supplying 60% of the total population.
Considering that several industries use water in their processes and that mineral extraction,
as well as oil and gas recovery, needs water for their activities, the implementation of CSP
plants for water distillation can also be an important step towards the sustainability of these
mining activities, reducing the consumption of water through its recycling. By focusing on
the development of feeding and agro-industry, the use of CSP technologies for irrigation
and pumping is one of the major concerns for the provinces of Luanda, Cuanza Norte
and Cuanza Sul, Malanje, Bi€, Benguela, Moxico and Cunene. The implementation of CSP
technologies for water desalination is considered one of the most promising solutions to
reduce water stress in several African countries. The large Angolan coast, which combines
zero elevation and high horizontal solar irradiation varying between 1700 kWh/m? /year
and 2400 kWh/m?/ year, makes the provinces of Namibe, Benguela, Cuanza Sul, Luanda,
Bengo, and Zaire favorable regions for desalination plants.

Regarding cooking applications and looking at the data expressed in Figure 6, it can
be observed that the electrification of the country is concentrated in the city and province
of Luanda and provinces nearby, where the majority of the population lives. Therefore, the
inland of the territory seems to be the most critical, showing that CSP systems for cooking
must be installed in these regions.
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Recently, studies have been conducted by the Angolan government in order to de-
termine the potential for the application of solar energy technologies throughout the
territory [34]. Results show that medium and large-scale projects present a levelized cost
of electricity (LCOE) lower than USD 0.2/kWh, indicative of an economical alternative
to diesel. Regarding the Central and Southern systems, it is estimated that LCOE < USD
0.15/kWh can be reached [33]. The implementation of these technologies will reduce the use
of diesel with economic profitability, working in a complementary way to the generators.

Based on these results, the strategy set a target of installing 100 MW of solar projects
by 2025. The rural electrification planning study identified the potential to integrate 22 MW
of solar photovoltaic projects in the efforts of rural electrification: 10 MW in solar villages,
10 MW in a complementary way to diesel in town halls electrified by isolated systems, and
2 MW in the 100% solar project of Rivungo [4]. Locations are already identified as potential
candidates for the installation of power plants, and the regions selected for the installation
of the 78 MW connected to the grid in medium and large-scale projects are necessary to
complete the target of 100 MW. Mostly, the provinces of Zaire, Bié, Lunda Norte, Lunda
Sul, Moxico, Cunene, Huila, Cuando-Cubango, and Cuanza Sul were selected for their
lowest LCOE and are essentially located in the Center and South of the country, as can be
identified in detail in [33].

4. Potential Application of CSP Technologies in Angola

Even though photovoltaic systems have been identified by the Angolan government as
the most appropriate technology to harness the solar resource in Angola, rural electrification
is still one of the major concerns since the need to use batteries makes the implementation of
this technology too costly [4]. Therefore, a need arises to find more profitable and versatile
solutions to be implemented all over the country.

CSP technologies present great advantages for countries with a high solar radiation
resource, such as Angola, since they can be used for several purposes, from the production
of energy, water heating, space heating and cooling, cooking, irrigation, and water distilla-
tion, and desalination. More information regarding the developments conducted in this
field can be found in [11]. However, the majority of the CSP technologies implemented
worldwide have been used for electricity generation. Information regarding the CSP plants
implemented worldwide is presented in this section, and the benefits of this technology for
Angola are explored.

4.1. CSP Technologies Implementation Worldwide

CSP with thermal energy storage has already proved to be a viable solution to achieve
the international goals of carbon neutrality by 2050, as it is being implemented in several
countries with high solar resources. The majority of CSP plants are implemented in regions
with high direct solar irradiation, with a total of around 6 GW of operating CSP plants
worldwide by 2022, which are concentrated in Spain (2.30 GW), the USA (1.77 GW), China
(0.52 GW), South Africa (0.50 GW), and Morroco (0.49 GW) [43,44]. As expressed in Figure 7,
this represents 35.5%, 28.3%, and 7-8%, respectively, of the total net capacity installed
worldwide. From these CSP plants, a total of around 14,213 GWh/year of net electricity is
currently generated, and the technology that mostly contributes to this production is the
parabolic trough, followed by the power tower, as can be confirmed in Figure 8.

According to [43], the major benefits of the CSP technologies that leads to its world-
wide implementation are related to its capacity to: (1) enhance the grid reliability; (2) enable
grids to incorporate a larger share of renewable resources, reducing curtailment; (3) allow
systems to adapt to the variation in the electricity demands profiles; (4) provide low-
est energy storage costs; (5) contribute to the integration of regional electricity markets;
(6) support the international environmental goals; and (7) promote domestic, industrial
and socioeconomic development.
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4.2. Benefits of CSP Technologies for Angola

Even though no CSP plants exist or are projected to be implemented in Angola, the
advantages are strong, namely due to the high solar radiation of the country but also to
boost the development of the Angolan society.

4.2.1. Electricity and Heat Generation

As presented in the previous section, the majority of the CSP technologies imple-
mented worldwide are used for electricity generation. Currently, only 44% of the Angolan
population has access to electricity [37], making the implementation of CSP systems an
important and almost mandatory solution for the development of Angola.

According to the recent energy plan presented by the Angolan government, by 2025,
a total of 9.9 GW of installed power is expected to be achieved with a strong focus on
hydropower (6.5 GW) and natural gas (1.9 GW) [33]. The remaining installed capacity is
expected to be complemented by renewable energies (solar, eolic, and biomass) for a total
of 800 MW, while the other 700 MW is based on thermal-based generation. Therefore, CSP
can have an important contribution in these last 1500 MW, mainly in the portion related
to thermal generation. If all the system that uses diesel for the generation of heat and
electricity are replaced by CSP plants, a decrease of around 4 Mt CO; is expected to occur,
helping Angola to achieve its carbon neutrality goals.

Moreover, rural electrification, one of the most critical aspects of Angola’s strategic
plan for development, is composed of three proposals, electrification through grid exten-
sion, isolated systems, and individual systems, covering 5%, 1%, and 7% of the Angolan
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population, respectively. The electrification by means of isolated systems combined with
mini-hydro, diesel generators, and solar systems. According to the government plan, a
total of 21 solar and diesel systems are expected to be implemented over the territory: 8 in
the province of Malanje, 3 at Menongue, 2 at Moxico, 21 at Lunda Norte, and 1 at Cunene,
Huila, Huambo, Cuanza Sul, Caxito and Uige. However, the use of diesel as fuel will
increase the release of GHG. In order to minimize this impact, the CSP system must be
implemented. Combining these isolated systems with individual systems, which mainly
consist of ”solar villages”, we can conclude that CSP systems can contribute to the energy
demands of 2.4 million inhabitants by 2025.

4.2.2. Clean Cooking

Access to clean technologies for cooking has been another topic of international
discussion since, in 2019, 34% of the global population has no access to them. In Angola,
statistics from 2019 show that 77% of the urban population has access to clean cooking
while the rural population only has access to 8% [2]. Considering that currently, the rural
population of Angola corresponds to 32.54% of the total population, a total of 1,015,864 rural
inhabitants and 526,507 urban inhabitants do not have access to clean cooking. This huge
discrepancy makes clean cooking in Angola one of the major concerns. If CSP systems
are implemented throughout the country, the living conditions of more than 1.5 million
inhabitants will increase. Studies show that the use of solar cookers, compared with other
technologies, can reduce CO, emissions by 100 to 400 kg /year [45].

Moreover, since biomass is the main source of energy used for cooking, significant
levels of deforestation around major urban areas occur in the country [34]. In order to
minimize the negative impact and to provide an effective solution for the rural Angolan
population, CSP systems must be implemented.

4.2.3. Water Desalination and Crop Irrigation

In addition to electricity, interest in irrigation and water distillation/desalination has
been emerging in Sub-Saharan African countries. This region suffers from an inconsistent
supply of safe water mainly due to contaminated groundwater and logs dry seasons [46].
In Angola, only 0.1% of the total available groundwater resources are consumed by the
population since the costs of harvesting the reserves are very high due to the high invest-
ment costs of generators and pumps [47,48]. These costs are even more unbearable for
small-scale independent communities; it is estimated that 72% of the rural population has
no access to an improved water supply [48]. Moreover, the agricultural sector is the largest
water user, consuming 95% of the total resources, while the domestic sector only uses
5% [48]. In this context, crop irrigation is another important topic since Angola is currently
facing the worst recorded drought in 40 years, affecting about 1.58 million people who are
experiencing high levels of food insecurity [49]. In order to improve the agricultural sector
at low costs, solar energy was identified as a potential resource [50]. Data presented by [51]
show that Angola can double its cultivated land if its irrigation potential is reached, as
it is possible to decrease the levels of food insecurity and enhance the life quality of the
Angolan population.

Water distillation and desalination using membrane technologies combined with solar
systems were recently discussed by the research community as a promising solution to
help to mitigate the water and food insecurity of several countries. According to [52],
the water production cost can achieve USD 0.64/m?, which is USD 0.36/m3 lower than
the current average costs. Some desalination plants’ capacity from brackish water can
achieve 46,000 m3/ day, while from seawater, these values can reach 320,000 m3/ day [53].
Considering that it is expected that each individual must access a minimum of 40 L of water
per day [54], this system can supply 8,000,000 inhabitants of the provinces located on the
Angolan coast, while 1,150,000 inland inhabitants can have access to water if desalinated
brackish water is used.
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By considering the need of the Angolan population to increase and improve the quality
of electricity production, clean cooking, water consumption, and crop irrigation, the imple-
mentation of CSP technologies seems to be a promising path to address these issues. Studies
presented by [55,56] demonstrated that a decrease in PV potential is expected to occur due
to the projections of climate changes in the African continent, giving an opportunity for
CSP technologies to grow in the near future. Compared with PV systems, CSP conversion
efficiency is not negatively affected by the increase in the ambient temperature, increasing
its potential for application in the African territory [56]. Moreover, research conducted
by [8] concluded that PV systems have higher environmental impacts than CSP plants. In
that sense, several studies were conducted to analyze the viability of the implementation
of CSP technologies and enhance their efficiency in order to demonstrate the potential of
these solar systems to achieve the goals established in terms of energy, water consumption,
and decarbonization.

4.3. Market Drivers for CSP Technologies

According to [9], the new generation of CSP technology (Gen3) must meet important
criteria to be successfully commercialized. Therefore, to obtain early stage guidance on
desired technology attributes and capabilities, some requirements were highlighted. These
requirements allow spreading the implementation of CSP technologies in the international
market. Table 2 presents these main criteria.

Table 2. Requirements for Gen3 technology commercialization, 2017 (data retrieved from [9]).

Metric Requirement
Plant Capacity 50 MW minimum

Absolute Ramp Rate: 2 MW /min—28 MW /min
Ramp Rate Percent of Regulation Range per Minute: 1-40% of

plant regulation range/min

Hot: 60-120 min; Warm: 120-270 min; Cold:

Start-Up Time

200-480 min
Equivalent forced outage rate (EFOR *) 8-15%
Equivalent Availability Factor (EAF *) 80% to 81%

Time from Notice to Proceed to EPC to

. . 3 years maximum
Commercial Operation Date y

Operations and Maintenance Simplicity
2 ¢/kWh < LCOE < 7 ¢ /kWh; Promote the use of

Cost . . L .
08 annualized net cost (USD M/yr) in specific regions
Demonstration Projects Nominally 10 MW scale
Flexibility Capacity to .decouple th'e Follectlon of energy from
the production of electricity
+ EFOR = Unplanned (forced)outage hours+Equivalent unplanned (forced)derated hours % 100

Unplanned (forced)outage hours+Equivalent unplanned (forced)derated hours during reserve shutdowns only-+service hours
Available hours—equivalent planned derated hours—equivalent unplanned derated hour—equivalent seasonal derated hours
EAF = Period hours x100.

5. High Temperature Solar Systems

As previously mentioned, CSP technologies are considered an efficient and clean
energy technology that can contribute to energy and water demands as well as decrease
environmental pollution. These systems offer both electrical and thermal production from
small-scale to large power plants and have proven their ability to provide dispatchable
electricity using low-cost thermal energy storage [12].

In this Section, CSP technologies are presented, and emphasis is provided on parabolic
dish systems.
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5.1. Solar Concentration Systems

CSP is recognized as a renewable energy technology that can make a sounder contribu-
tion to the transformation of Angolan energy since it captures and stores the sun’s energy
in the form of heat, using materials that are low cost and materially stable for decades [9].
CSP uses solar radiation to produce high-temperature thermal power that can be converted
into electricity by means of a conventional thermodynamic cycle. In CSP systems, the solar
reflector concentrates the solar radiation on a focus where the solar receiver is placed. The
latter is, arguably, the key component of a CSP system since it transfers the energy of the
concentrated solar beams to a heat transfer fluid (HTF), which in turn, directly or indirectly
drives the thermodynamic cycle [57]. Although CSP technologies present many advan-
tages since they can produce electricity continuously even in the absence of sunlight, these
systems have not had much commercial success compared with solar photovoltaics, mainly
due to the higher LCOE [6]. Compared with solar PV, the electricity cost is at least three
times higher [58]. Thus, one of the main objectives for the third CSP generation (or Gen3)
is to make use of solar technologies adapted to 50% nominal conversion efficiency on the
thermodynamic cycle [9]. However, the current state-of-the-art has a conversion efficiency
below that target due to the limited operation temperature [59]. This leads to a clear market
failure in Angola to bring new CSP technologies to the market [60]. In order to provide an
innovative solution that contributes to the clean transformation of Angolan energy and
advances toward the next generation (Gen3) CSP technology, innovative systems were
developed and studied in order to increase the system’s efficiency in both collection and
storage systems [61]. The solar receiver is the most critical component in CSP efficiency
since it absorbs and converts solar energy into thermal energy [9,62].

5.2. Parabolic Dishes

Four solar thermal technologies are promoted by the international market: Solar Power
Tower, Parabolic Dish System, Linear Fresnel Reflector (LFR), and Parabolic trough [9].
From these technologies, the parabolic dish (Figure 9) presents a high grow potential
due to its large applicability which varies from energy production [12,29,63-67], heating
processes [17,68-70], cooking [45,71,72], irrigation [46,73], water desalination, and distilla-
tion [74-76]. The parabolic dish, shown in Figure 5, is a parabolic reflector (dish) with a
dual-axis solar tracking system, which reflects solar radiation into a focal point at which
the thermal receiver is located. In order to collect maximum radiation and transfer it to the
receiver, the parabolic structure realizes the total tracking of the sun’s path, allowing a very
advantageous use of energy for thermal applications [57]. This configuration makes the
parabolic dish appropriate for high-temperature applications such as solar thermal power
and solar thermal steam generation [7]. The range of temperature in this system can vary
between 400 °C and 750 °C, and the concentration ratio can achieve a value higher than
3000 [74]. These characteristics make this system highly efficient compared with other CSP
technologies [12].

The solar receiver is the main component of a solar concentrator. Through this element,
the heat is exchanged between the absorber surface and the fluid. The receiver must be
designed to allow maximum absorption of solar radiation by ensuring minimum heat
losses to the ambient. The receiver structure varies according to the fluid applied and
depends on the system application. However, the main problem related to the typical solar
receivers used in parabolic dish systems is mainly related to high thermal radiation loss on
its surface, reducing the efficient power generation at higher temperatures [14]. In order
to overcome this issue, two important challenges arise: the improvement of the absorber
surface and the enhancement of the heat transfer between the absorber surface and the
thermal fluid. In order to approach these challenges, several studies were conducted in
order to optimize solar systems [18,75]. To summarize the major developments conducted
in this field, a literature review was conducted and presented in Section 5.
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Figure 9. Parabolic dish system.

5.3. Technology Limitations

The parabolic dish has several advantages, such as high power density and efficiency,
modularity and versatility, hybrid operation and long lifetime, as well as low construction
costs [11]. By considering these relevant features, this system can provide an economical
source of energy, both thermal and electrical. Therefore, it has been highly investigated
in the past few years and is considered one of the most promising renewable energy
systems. However, there are still problems related to solar parabolic dish technologies
that affect its efficiency and prevent its dissemination in the international market. These
issues can be divided into four main challenges [76]: the heat transfer media, the uneven
distribution of the energy flow, the heat losses, and the heat transfer capacity. Table 3
summarizes the issues and presents possible solutions that were investigated to enhance
the system’s efficiency.

Table 3. Challenges in parabolic dish systems (data retrieved from [5,11-13,76]).

Challenges

Issues Ongoing Solutions

Heat transfer media

Low thermal efficiency; . Molten salt (NaNO,, LiNO3, KNO3,

Low exergetic efficiency;
Temperature limitation;
High pumping work consumption.

NaNOj, CsNOj3, KBr, NaCl, LiF);

Use of supercritical carbon dioxide;

Use of nanofluids (Al,O3, Cu, SiO,, TiO»
based thermal oil, MWCNT/ oil).

Uneven distribution of the energy flow

Deformation of the collector structure;

Fail of vacuum;

Concentration losses;

Reduced optical efficiency;

Non-uniform temperature distribution inside the receiver;
Large temperature gradients;

High-temperature hot spots;

Thermal stress and deformation of the receiver.

Optimization of the reflective structure;
Implementation of a dual axis solar tracker;
Improvement of the reflector material and
shape, solar radiation concentration,
concentration ratio, and rim angle;
Enhancement of the receiver design
(geometry, size, wall

absorptivity distribution).

Heat losses

Radiative losses;
Natural convection losses;
Free-forced convection losses.

Optimization of the receiver orientation
and geometry;

Reduction in the emissivity of the
absorber surface;

Increase the absorptivity of the

receiver surface;

Multi-layer insulation;

Glass cover;

Reduction in the absorption diameter.

Heat transfer capacity

Low system efficiency

Optimization of the receiver design
(material, diameter, etc.);

Optimized absorber surface;
Application of porous media;
Implementation of forced convection
process (e.g., jet impingement).
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6. Future Developments

As previously mentioned, CSP systems are currently used to harness solar thermal
energy with negligible CO, emissions. Moreover, the hybridization of parabolic dishes
with other renewables such as thermo-coupled generators, biomass, or even conventional
fuels could be advantageous, and the development of innovative multi-generation systems
to generate electricity and heat with reasonable cost and higher thermal efficiency could ac-
celerate the commercialization of this technology [12]. Therefore, research to enhance these
systems has been increasing in the past few years, and relevant developments conducted
in this field are presented in this section. Table 4 summarizes the major findings.

6.1. Solar Receivers

As previously mentioned, the solar receiver is the most important component of
parabolic dish systems since they are responsible for heating the HTF, which can be applied
for different purposes. In that sense, research focus on the development of innovative
configurations that increase heat transfer rates and reduce heat losses.

A numerical and experimental study conducted by [15] compared two receivers, one
with a cubic cavity and another with a cylindrical cavity. The results showed that the
cubic cavity receiver has higher thermal efficiency and heat transfer coefficient than the
cylindrical one. While the cubic cavity receiver has an average thermal efficiency of 65.1%,
the cylindrical cavity receiver reached a value of 56.4%. Moreover, a work presented by [66]
shows that for steam generation, the most suitable receiver’s shape is the conical cavity
helical tube. According to [77], convective heat losses are lower in a conical cavity receiver.
Hemispherical cavity, copper tubes wound in a spiral, with a small opening at the bottom,
was also proved to be a configuration that reduces the heat losses compared with other
configurations [78]. According to the experimental study conducted by [17], a coiled spiral
tube solar receiver constructed of mild steel can reach an average thermal efficiency of
about 56.2% and an average exergetic efficiency of 5.5%. They also concluded that this
receiver could be used for temperatures up to 100 °C.

The relevance of porous media for heat transfer augmentation has been an area of
increasing interest in PSDS. The porous structure offers a much larger surface area for heat
and fluid flow interaction, which is in itself the greatest advantage for thermal applications
in compact systems [79]. A review conducted by [62] mentioned studies that apply porous
medium into the absorber to enhance the heat transfer in solar receivers. An example
of this application is porous volumetric solar receivers that have drawn much attention
recently due to their high-efficiency performance in solar radiation absorption and heat
transfer enhancement [25]. The complex three-dimensional structure of the porous media
increases the turbulence inside the fluid channels and larger heat exchange surface, which
are favorable to the convective heat transfer [25]. However, issues related to non-uniformity
of solar flux distribution, pressure drop, and viscous dissipation, induce non-uniform
temperatures and affect the exergetic characteristic of the system, leading to a decrease in
efficiency [79-81]. This complicated flow dynamics also brings a challenging task in the
numerical investigation of the fluid flow and heat transfer characteristics for the porous me-
dia applied in solar receivers [14,25]. According to [26], the most important characteristics
of porous media are porosity and pore size. The propagation and absorption phenomena
depend on these parameters and on the radiation and temperature of the porous material,
as well as the angle of incidence. Given the complexity of porous media, they can, in
practice, be heterogeneous and anisotropic, with pores having different geometric shapes,
and they seem to be a promising solution to increase the receiver’s thermal efficiency.
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Table 4. Innovation in parabolic solar dish systems.

References Focus Main Goals Range of Parameters Findings
. . The overall maximum theoretical and
Review of the design parameters of the 1 < C <1200; experimental efficiency of a PSDS system
[12] Malik et al. (2022) Review on PSDS par?bollc Zoi;r Fhsh Slt'lrhtr‘lg (PSDS) 100 < T < 1000 (°C). is close to 23%, with the LCOE = USD
system and their applications. 0.2565/KWh.
e  The overall efficiency of the system
. . . 23.6 < C < 4920; depends on the receiver only;
. A detailed review (?f the de.51gn 0.86 < D, < 20 (m); e  Nanofluids improve thermal
[13] Kumar at al. (2022) Review on PSDS parameters for achieving higher overall

efficiency in PSDS systems.

15 < ¢ <90 (°);

performance from 10 to 13%

[45] Arameh et al. (2019)

Review on CSP for cooking

0<6<90(°). compared with regular heat
transfer fluids.
. . . ° Parabolic concentrating cookers
A detailed review of experimental and 250 < T < 280 (°C); have the highest efficiency;

analytical socioeconomic studies of solar
cooking technologies.

Rsun ~ 800 (W/m?2)

° Employing a heat storage unit can
increase cooker efficiency.

Review on solar technologies for

e  Stirling engine holds the highest
potential for small-scale remote
farms usage;

e  Stirling engines positively depict

[46] Wazed et al. (2018) Review on CSP for irrigation . .2 650 < T < 800 (°C). .
pumping water for irrigation solar thermal water pumping cap
abilities keeping low costs and
reducing the carbon footprint
e  Parabolic dish optical efficiency
Experimental and theoretical increases from 0.5 to 0.8 when the
. . . investigation of a new solar still mounted D, =2 (m); absorber plate reﬂectivity r.educes
[82] Bahrami et al. (2019) Design and construction of SDC at solar dish concentrator (SDC) focal F=14 (m) from 0.7 to 0.4 and the distilled

point for saltwater desalination.

water produced increases up to 120
and 80%, respectively.
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Table 4. Cont.

References Focus Main Goals Range of Parameters Findings

e  Optical efficiency is kept between

. 88.93% and 92.19%;
A novel discrete SDC is proposed for g<f _12:?;{21))' e  Optimization is obtained for
. . . . rec — 7 T .
[83] Yan et al. (2018) Design and construction of SDC improving the ﬂu.x gmformlty of the 0< Uy <5 (m/s); 6 d1v151o.ns of the parabolic
absorber surface inside the . generatrix and a focal length f = 6 m,
cavity receiver 001 <m <0.125 (kg/s). hich red h iformi
y 2 Reun = 900 (W /mz) which reduces the non-unitormity

factor from 0.63 to 0.18.

e  The triple basin glass solar still with
charcoal and TBSS with river sand

. . . Experimental analysis of stand-alone D =1.25 (m); enhances the distillate by 34.2 and
[84] Srithar etal. (2016) Design and construction of SDC triple basin solar desalination system. f=0.50 (m); 25.6% higher than conventional
TBSS distillates

e  The theoretical design provides an
efficiency varying between 52%

and 72%;
[85] Bumataria and Desien of PSDS Review of solar Stirling engine used for 6500 < T < 8000 (°C); . Heating hot end of the engine up to
Pater (2013) & pumping water in rural areas. 0.4 < Uy <30 (m/s); 4500 °C to 8000 °C, and air-cooled

fins are used for cooling the cold end
of the engine up to 350 °C to 700 °C.

e  The daily average efficiency of SDC
and conventional solar still was 68
and 34%, respectively;

e  The increase in distillate production
for SDC is about 244% and 347%
higher than that of CSS without and
with preheating, respectively

Design and installation of SDC, simple
[86] Omara and Eltawil (2013)  Design and construction of SDC solar collector, and modified boiler for f=0.40 (m);
brackish water desalination.
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Table 4. Cont.

References

Focus

Main Goals

Range of Parameters

Findings

Optical and thermal performance analysis

e PV/PDC-CTR-BSF has a
breakthrough in the record of the
optical efficiency with a value

A conical thermal receiver using a and optimization of a hybrid ?—:32(.r5n()m) of 670/?; )
[66] Houcine et al. (2022) beam splitter photovoltaic/parabolic dish concentrator . o 01 o Cf)mbmed electrical power output
filter(PV /PDC-CTR-BSF) with a conical thermal receiver using a rm’.zx _ 0'05 with PV/ PDC'. CTR'BSF system
beam splitter filter. min = U- employing helical-coil steam
generator is possible to achieve 10%
to 20% increase in power.
e  The optimized performance occurs
at 5° inclination between the
Numerical and experimental analysis 120 < T <170 (°C) absorber axis and the solar flux
[87] Afrin et al. (2021) Cavity receiver using ANSYS FLUENT and 0<0<20 () incident angle;

SolTrace. Was.

e  The tube with Alanod outperforms
the other coating types.

[17] Thirunavukkarasu and
Cheralathan (2020)

Spiral tube receiver

Experimental analysis of energy and
exergy performance of an external type
spiral tube receiver

30< T <100 (°C)
m =15 (L/min);
Aapert =16 (mz)}
D, = 0.4 (m).

Rsun = 750 (W/m?)

e  The average thermal and exergy
efficiencies are 56.21% and
5.4%, respectively;

e  The compact receiver has the
potential to be used in applications
with operating temperatures up
to 100 °C.

[26] Barreto et al. (2018)

Volumetric receiver

Three-dimensional modeling and analysis
of solar radiation absorption in a porous
volumetric receiver using the Monte
Carlo Ray Tracing (MCRT) method.

C =500;
f=0.7 (m)

dy =0.025 (m);
Trec = 0.25 (m);

e  The propagation and absorption
phenomena depend on the porosity
and the size of the pores;

e A peak of absorbed solar radiation
of 156 MWm 2 and absorption
efficiency of 90.55% was obtained for
a phase function asymmetry factor
of 0.4




Energies 2022, 15, 7124

19 of 28

Table 4. Cont.

References Focus

Main Goals

Range of Parameters

Findings

[15] Loni et al. (2018) Cavity receiver

Experimental and Numerical study of
cubical and cylindrical cavity receivers

C=184;
f£=1(m);

D, = 0.16 (m);
D;=0.14 (m).

The average thermal efficiency of the
cubical and cylindrical cavity
receiver was obtained as 65.14% and
56.44% in the steady-state

period, respectively;

The cubical cavity receiver can be
recommended for an efficient heat
gain in comparison with the
cylindrical cavity receiver.

[88] Wang and Laumert (2017)  Cavity receiver coating

Study of the effects of cavity surface
materials on the radiative flux
distribution of solar cavity receivers with
the help of a ray-tracing methodology

f=45(m)

Low absorptivity coating on the
bottom and high absorptivity
coating on the cylindrical surface
improves the overall flux
distribution in the cavity;

The total optical efficiency lies
between 92.2% and 95.3%,
increasing with the increase in the
material absorptivity on the
cavity surfaces.

[89] Reddy et al. (2016) Cavity receiver

Numerical investigation of convective
heat losses from the modified

0<60<90(°);
0< Uy <10 (m/s);

The critical wind speed was found
to be less than 5 m/s;
The highest convection heat loss

[68] Reddy et al. (2015) Cavity receiver

cavity receiver. 04<R<1 occurs for the fully
open (R =1) receiver.
5 e  Forced convection heat loss at a
30 < T <500 (°C); wind speed of 5 m/s is 7 to 8 times

Modified cavity receiver 3D model for
steam generation.

0<6<60(°);
0< Uy <10 (m/s).

higher than natural convection
heat loss.
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Table 4. Cont.

References

Focus

Main Goals

Range of Parameters

Findings

[90] Ngo et al. (2015)

Cavity receiver

Numerical modeling and optimization of
natural convection heat suppression in a
solar cavity receiver with plate fin.

125 < T < 725 (°C);
0<6<30 ().

° 20% reduction in the natural
convection heat losses from the
cavity receiver is achieved by using
the plate fins at 0 ©
receiver inclination.

[91] Reddy et al. (2015)

Cavity receiver

Experimental analysis of the flux
distribution at the focal plane by
considering the optical imperfection of
the reflected ray’s cone.

0<6<90(°);
0 < Uy <10 (m/s).

e  The average thermal efficiency of the
parabolic dish collector with a
modified cavity is found to be 74%
for the flow rate of 250 L/h.

[78] Wu et al. (2010)

Cavity receiver

Detailed review of different solar receiver
designs (cubical and rectangular,

—90<6<90(°);

° Convective heat loss is dominated
by the radiation heat loss for higher
receiver tilt angle (>45°);

° A small receiver should have wind

. - . 0.1<Pr<87.
cylinder, hemispherical) guards installed to reduce the
wind effect.
e  The thermal efficiency decreased
D¢ =1.8 (m); with increasing nanoparticle
Numerical modeling of SDC performance ge f 8 éf ((;;1)) : volume concer}tration; .
[21] Loni et al. (2017) HTF using different nanofluids as the P e Cu/thermal oil nanofluid presents
working fluid. ¢ =45(°); the best exergy efficiency compared
Uyp=12(m/s); 5 to other nanofluids in the cylindrical
Rsun = 650 (W/m?). cavity receiver.
e  Using multiple PCMs in the solar
Agpert =16 (m?2) receiver improves the
Experimental analysis of the thermal D, = 0.406 (m); thermal performance; )
[92] Senthil and LITF performance, the flux distribution, flux L=0,1(m); The optimum HTF flow ratoe 15
Cheralathan (2019) uniformity, and intensity of receivers with  Uy= 0, 2.5 (m/s); 80 kg/h, which shows 66.7% energy

phase change materials (PCMs)

it =72, 80,90 (kg/h);
Ry = 600 (W/m?).

efficiency and 13.8% exergy
efficiency at the average solar
radiation of 600 W/m?.
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References Focus Main Goals Range of Parameters Findings

e A cavity receiver with a 0.01 m thick

Numerical modeling of the absorption 0<60<90(°) aeroogel can regch a? efficiency of
[93] Li et al. (2022) HTF and scattering of the solar radiation by f=0.05 (m); 85.0%, which is 5.1% higher than
the aerogel De = 0.2 (m). that of the cavity receiver without

the aerogel.




Energies 2022, 15, 7124

22 of 28

6.2. Thermal and Optical Losses

Heat losses in CSP systems occur in three possible ways, convection, radiation, and
conduction. Studies were carried out with the aim of reducing heat losses, which tend to
increase with wind speed and direction, ambient temperature, material from which the CSP
system is built, the insulation and inclination of the receiver, working fluid, and other fac-
tors. According to [94], heat losses are influenced by the angle of inclination of the receiver,
and greater losses by radiation are identified at an inclination of 46° upwards, while at an
inclination angle of 0°, the maximum losses by convection are verified. Prakash et al. [95]
added that the condition of 0° inclination of the receiver and wind impinging frontally
results in greater total and convective heat losses. Crosswinds of 1 to 3 m/s cause less
heat loss than the no wind condition and 0° receiver tilt. Convective and total heat losses
become independent of wind direction and receiver inclination from 3 m/s wind speed.
Moreover, it seems that crosswind causes greater heat losses in forced convection compared
to headwind and counterwind. For crosswind speed of 5 m/s, the heat loss by forced
convection is 7 to 8 times greater than in natural convection, and forced convection heat
losses are greater at higher wind speeds, whereas at lower wind speeds, natural convection
heat losses prevail [68].

According to [90], heat losses by natural convection can be reduced by up to 20% at the
0 ° receiver inclination using plate fins, which act as heat transfer suppressors of the receiver.
Another way to reduce heat loss in the receiver cavity is by using an aerogel. According
to [93], it is possible to increase the system efficiency up to 5.1% by applying aerogel in the
receiver cavity with a 0.01 m thickness, and the aerogel receiver has better photothermal
performance at high working temperatures. In order to improve the overall distribution of
the solar radiation flux in the receiver cavity, Wang and Laumert [88] recommended the
use of low absorption coating on the bottom and high absorption coating on the cylindrical
surface. They also stated that the higher the absorption of the material on the cavity
surfaces, the greater the total optical efficiency.

6.3. Heat Transfer Fluid

The HTF in solar concentrating systems exchanges heat with the receiver. Thermal
energy can be stored or used to produce high-temperature steam or gas for electricity
generation or to heat water that can be used in different applications. The HTF is crucial in
SDC systems, and studies were conducted in order to increase its efficiency. The thermal
performance of the HTF highly depends on operating temperature. According to [96],
water is the most appropriate working fluid for low-temperature conditions compared with
Therminol VP-1 and air. However, the results proved that air is a promising solution in
low operating temperatures due to the high heat transfer coefficients obtained between the
absorber and the fluids, while Therminol VP-1 presents the optimum exergetic performance
for an inlet temperature of about 155 °C. In order to increase the thermal performance of
the HTF, nanofluids have been considered a promising solution [10]. These fluids consist
of a mixture of base fluids, usually water or thermal oil, with metallic or non-metallic
nanoparticles, frequently Al,O3, Fe, CuO, Cu, Al, TiO,, SiO;, and carbon nanomaterial [19].
The main advantage of the nanofluids compared with the base fluids is the higher thermal
conductivity, which increases the heat transfer inside the flow, increasing the heat trans-
fer coefficient between the absorber and the fluid [20,22,97]. A review presented by [13]
highlighted that improvements in thermal performance could reach 10 to 13%. According
to [23], the heat transfer enhancement using nanofluids increases with higher operating
temperatures. The use of Cu with thermal oil or water presents a higher exergetic per-
formance compared with other nanofluids [10,21]. According to [10], Al,O3 with water
presents the best thermal efficiency.

6.4. Innovative Technologies

As previously mentioned, the great advantage of parabolic dish systems is their
large applicability. In that sense, several studies were conducted in order to determine the
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performance of SDC for irrigation, cooking, and water distillation and desalination, but also
its potential combined with other technologies such as PV. A hybrid photovoltaic/parabolic
dish concentrator with a conical thermal receiver using a beam splitter filter (PV/PDC-
CTR-BSF) was developed and studied in detail by [66]. This innovative proposal allows
the generation of steam and electricity in the same system since photovoltaic solar panels
are added to the solar concentrator. Solar radiation is split by the beam splitter filter using
BSF technology as a function of wavelength. The sun’s rays are focused on the receiver,
and the reflected ones are concentrated on the photovoltaic panels. Finally, they concluded
that it is possible to achieve a power increase in the order of 10 to 20% after proper project
adaptation and improvement of the parameters [66].

Among the possible applications of the parabolic solar concentration system, we
can highlight the distillation and desalination of water. A new design of a solar still
mounted at a PSDS focal point was conceptualized and constructed by [82]. The system
produced about 20-23 kg for 7 h operating time (5.7-6.5 kg/m? day), which is considered
economical compared with other thermal desalination systems. In its turn, [86] proposed
a new hybrid system for brackish water desalination and obtained a daily average of
distillate water of about 6.7 and 3 L/m?/day for the solar dish concentrator (SDC) with
preheating and conventional solar still (CSS), respectively. The daily average efficiency
of SDC and CSS was 68 and 34%, respectively, while water production cost was found
to be USD 0.028/L for SDC with preheating and USD 0.048/L for CSS, highlighting the
advantages of the SDC system for water desalination. Regarding the potential of SDC for
irrigation, the review presented by [46] stated that PSDS systems are considered the most
promising solution for small-scale remote farms if the correct infrastructures for solar power
concentration are used. According to the author, tests proved that the system could provide
a water cost for rural areas of 2.4 ¢/m3, which meet the World Bank target of 6 ¢/ m3. In
terms of cooking applications, a review presented by [45] that compares different solar
technologies concluded that SDC has the highest efficiency, 77%, which is a solution that
must be explored.

7. Conclusions

In this work, a general approach was made to the energy sector in Angola. It was
concluded that there is a large deficit of electricity and drinking water in the country,
58% of the population does not have access to electricity, and more than 1.58 million are
experiencing high levels of food insecurity since the country faces the most severe drought
in the last 40 years [49]. Electricity in Angola is essentially produced from hydro and
thermal sources, which use diesel fossil fuels, Jet B, and natural gas that release large
amounts of CO; and contribute to global warming [3]. In 2018, Angola emitted 17 Mt CO,,
which is expected to increase by 2040 to 33 Mt CO; [37]. The Ministry of Energy and Water
of the Republic of Angola estimates that the electricity demand will reach 39.1 TWh by
2025 [33]. In order to provide a sustainable solution that complies with the demands of the
Angolan population, studies suggested that Angola’s total solar energy potential is around
17.3 GW, which is a promising resource for energy generation [40]. CSP technologies have
great advantages for countries with high solar radiation resources, such as Angola, since
they can be used for different purposes, from energy production, water and space heating
and cooling, cooking, irrigation, distillation, and desalination of water. Therefore, it is
possible to conclude that investments in solar concentration systems in Angola will be an
asset due to the low manufacturing costs, lower environmental impact, shorter installation
time, and wide range of applications. In this work, three main purposes are identified:

1 Production of electricity: Studies carried out by the Ministry of Energy and Water of
the Republic of Angola, aiming to determine the potential application of solar energy
technologies in the national territory, show that medium and large projects present
an LCOE < USD 0.2/kWh, indicating an economical alternative to diesel. Regarding
the Central and Southern systems, it is estimated that LCOE < USD 0.15/kWh can
be achieved [33]. The implementation of this technology will reduce the use of diesel
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with economic profitability. Consequently, CO, emissions will be reduced, and it will
be possible to supply the electricity demand with the installation of large plants since
solar radiation is abundant in the country;

2 Water desalination and distillation: Angola has an extension of the Atlantic coast of
1650 km, which goes from the north to the south of the country. Studies on concen-
tration systems and boilers as solar receivers showed high performance in the desali-
nation of seawater. One of the southernmost provinces, Namibe, is washed by the
Atlantic coast and faces a severe drought; the installation of solar desalination plants
would help to mitigate the effects of the drought. It was estimated by [86] that the
cost of desalinated water using parabolic solar dish systems is around 0.084 USD/kg,
and about 20-23 kg can be produced per 7 h of operation (5.7-6.5 kg/m? day), im-
provements in these systems can increase water production for the same period;

3 Pumping water for rural communities: In Angola, rural and urban communities have
a deficient supply of drinking water, and only 0.1% of the available groundwater
resources are consumed, as the capture, generators, and water pumps have very
high costs [47,48]. Another problem that rural communities face is the difficulty in
irrigating the fields where they practice subsistence or commercial agriculture. The
implementation of parabolic solar dish systems for pumping water would be a viable
solution. Studies carried out by [85] showed that the solar concentration system and
gamma-type Stirling engine theoretically presented an efficiency of 52% to 72% for up
to 3000 RPM.

The conclusions presented in this work are not limited to Angola but can be expanded
to a large number of countries in Sub-Saharan Africa, South America, and Asia, where the
levels of solar radiation are high, and the access to sustainable technologies for electricity
and heat generation, cooking, water consumption, and crop irrigation is limited.
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Nomenclature
Acronym
CSsp Concentration Solar Power
CSS Conventional solar still
EPC Engineering, Procurement, and Construction
GDP Gross Domestic Product
GHG Greenhouse Gas
HTF Heat Transfer Fluid
HPS Hybrid Power Systems
LCOE Levelized Cost of Electricity
ORC Organic Rankine Cycle
PSDS Parabolic Solar Dish System
PV Photovoltaic

SDC Solar dish concentrator
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Symbol Quantity SI Unit
Agpert Aperture area (mz)
Cc Concentration ratio (m)
D, External diameter (m)
D; Internal diameter (m)
Dw Wind direction -
dp Pores diameter (m)
f Focal distance (m)
L Length (m)
m Mass flow rate (m3/s)
R Receiver aperture diameter ratio -
Rsun Solar radiation (kWh/m?2)
r Radius (m)
T Temperature °C
Tfin Inlet flow temperature °C
Trout Outlet flow temperature °C
Uy, Wind velocity (m/s)
Uy Flow velocity (m/s)
w Width
Greek Symbol
€ Emissivity
0 Inclination
¢ Rim angle
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