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ABSTRACT A severe energy crisis has plagued Yemen for decades, and most of the population lack access
to electricity. This has harmed the country’s economic, social, and industrial growth. Yemen generates
electricity mainly from fossil fuels, despite having a high potential for renewable energy. Unfortunately,
the situation has recently been compounded by the country’s continuing war, which has been ongoing
since early 2015. It has impacted the country’s energy infrastructure negatively, resulting in power outages.
Therefore, this paper aims to provide an updated perspective on Yemen’s current energy crisis and explain
its key issues and potential solutions. Besides, it examines the potential, development, and current state of
renewable energy sources, such as solar, wind, geothermal, and biomass. Based on the findings, Yemen is
one of the world’s wealthiest countries in terms of sunlight and wind speed, and these two resources are
abundant in all regions of the country. In addition, this paper sheds light on the solar energy revolution
that has arisen since the war started due to the complete outage of the national electricity. Within a few
years, solar energy in Yemen has increased its capacity by 50 times and has recently become the primary
source of electricity for most Yemenis. Furthermore, the paper discusses the difficulties and challenges that
face the implementation of renewable energy investment projects. Numerous recommendations for potential
improvements in Yemen’s widespread use of renewable energy are also provided in this paper. All of the
ideas presented in this paper are hoped to increase the efforts to grow renewable energy production in Yemen,
thereby solving the issues of energy poverty and reducing environmental effects. The presented analysis can
be used as a scientific reference for researchers and industrial companies looking for suitable solutions to
advance Yemen’s renewable energy.

INDEX TERMS Renewable energy sources, Yemen electricity, energy access, power sector, barriers, wind
energy, climate change, Yemen’s solar revolution.

I. INTRODUCTION
The main concern in today’s world is to meet the sustainable
development goals (SDGs) and contribute to the well-being

The associate editor coordinating the review of this manuscript and

approving it for publication was Xiaodong Liang .

of societies around the world. In this regard, certain SDGs im
to reduce poverty, provide affordable and clean energy, and
reduce climate change by 2030. One key strategy to attaining
those goals is to expand the share of renewable energy sources
(RESs) in the global energy mix. For better livelihoods and
growth, access to adequate, sustainable, and cost-effective
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energy supply is necessary. It is an effective way of reducing
poverty, income improvement, better education, improving
healthcare, and other areas of development [1]. In 2019, more
than 200 GW of new renewable power generating capacity
was installed, raising the global total to 2,588 GW by year’s
end. Overall, the installed renewable energy (RE) capac-
ity is estimated to provide 27.3% of the global electricity
generation. Hydropower still made up the majority (58%)
of this estimated generation share, followed by wind power
(22%), solar PV (10%), bio-power (8%), and others (0.4%).
Considering cumulative RE capacity, China remained the
global leader, followed by the United States, Brazil, India,
and Germany [2]. Some developing and underdeveloped
countries starts to increase RE capacity to cover the lack of
grid supply. For instance, RE installed capacity accounts for
22.5% of India’s total installed capacity for power production
and planning to achieve 40% by 2030 [3]. Bangladesh is
unable to provide sufficient support for grid extension and
supplying electricity to remote or rural areas. Therefore,
RE was an optimal solution in powering irrigation systems
and rural electrification [4]. Although the RE can enhance
the electrification in rural communities, unfortunately, based
on the United Nations (UN) [5], electricity is still unavailable
for one in seven people, where the bulk of them live in the
developing world’s rural areas. In this context, the World
Bank figures show that 67% of rural inhabitants live without
electricity in developing countries across the globe [6].

Similar to other developing countries, 75% of the Yemeni
people reside in rural areas, and electricity is only available
to about 23% of those areas. In general, only 40% of the
country’s population have electricity access. Nearly half of
those communities are linked to the public grid, while the
other half gain access via private sources such as home pho-
tovoltaic (PV) systems and diesel generators that normally
operate in lighting and low-intensity electrical appliances
over a few hours a day [7]. However, those having access
to the electrical grid suffer from long hours of power cuts
because of the gap between generation and loads and sporadic
vandalism of power lines and power plants. This became
worse in 2015 when the condition in Yemen did turn into
external and internal conflicts. Throughout the conflict that is
still going on until now, the UN estimates that more than 90%
of the country’s population lost electricity, and most cities
are in complete darkness [8]. Among this darkness, solar
energy appeared as an effective solution to the total power
outage. According to [9], nearly 85% of households in the
mountainous areas around the capital (Sana’a) own solar
panels, an example of the solar revolution during the war.

Nonetheless, if the conflicts andwar are left aside, Yemen’s
power sector still has many real obstacles and a huge gap
that need urgent solutions. According to the study conducted
by [10], Yemen faces a grave problem in the electricity sector
in the upcoming ten years more than ever before. One of
the issues and obstacles of power generation in Yemen is its
dependency on fossil fuels such as diesel, liquefied natural
gas, and heavy crude oil (Mazot) [11]. Such resources are

of significant concern for the environment and the econ-
omy [12]. Another obstacle is the ageing of most existing
generation plants, as the majority of them are outdated and
have long since reached the end of their life [13], [14].
In addition, electricity in Yemen is currently available to only
about 40% of the population, whose geographical distribution
represents another challenge to the distribution of electrical
energy. According to [15], three-quarters of the population
live in rural and remote areas, some of which may be high
mountain or desert areas, and get only a fifth of the power
supply. Furthermore, the main current use of power in Yemen
is for domestic purposes [16], and in order to fulfil industrial
production requirements, a new challenge must be tackled
by increasing generating capacity through the installation of
several new generation plants in the future. These challenges
contribute to leaving a huge power supply gap in Yemen.
Overall, Yemen is going from darkness to darkness in the
power sector for over 25 years.

The lack of electricity contributed to making Yemen the
weakest country in the Middle East in terms of economy,
education, trade, and tourism [17]. Therefore, to develop the
country and alleviate its crises, a comprehensive solution
to the electricity problem is required. Fortunately, the solu-
tion is in the hands of the Yemenis because the coun-
try is rich in renewables such as solar, wind, geothermal,
and biomass [18]–[20]. Such plentiful renewable resources
are theoretically enough to generate electricity and then
fill the current energy gap. In addition, utilization of these
renewable sources can contribute towards achieving SDG
and provides multiple long-term benefits, including job cre-
ation, energy security, economic prospects, environmental
development, and global warming prevention [21]. Despite
the high potential of RESs in Yemen, there are no precise
RE technology trajectories and utilization. Moreover, many
constraints or barriers (e.g. technical, social, economic, pol-
icy factors, etc.) hinder effective RE development in Yemen.
To highlights the RE role, there are some review and research
studies were published on Yemen’s renewable energy axis
as in [10], [18], [15], [22]–[25], however, these studies are
outdated and the RE sector does not have sufficient coverage.
Therefore, the main aim and key contributions of this paper
can be summarized as follows:

• Providing an up-to-date review of the potential and sta-
tus of renewable energy sources and their possibility to
fill the shortage gap of the power sector in Yemen.

• Reviewing and discusses the development and future
target of main RES in Yemen.

• Examining the current condition of the country’s power
sector and the need for transferral into RE. Besides,
the revolution in solar energy installation and use in
the last five years, which increased to 50-fold, is also
highlighted.

On the other hand, the outcomes of this research toward
RE development are:

• This study may serve as a useful forum and guide
for researchers and industrial companies, as well as
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decision-makers, to encourage investment in RE and
academic research by providing relevant information on
the potential of this type of energy, obstacles, context,
and challenges in Yemen.

• The information provided may help state organizations,
investors, the private sector, and individuals to choose
the bestmeasures that will increase the use of RE sources
toward solving the power poverty in Yemen with green
electricity.

The rest of this review is organized as follows.
Section 2 describes how the review is conducted. The geo-
graphical and demographic conditions of the country are
covered under section 3. A comprehensive review of the
electrical energy status in Yemen is presented in section 4.
Potentials and current status of main RES in Yemen, espe-
cially solar, geothermal, wind, and biomass, are discussed
in Sections 5 and 6. Section 7 presents the obstacles and
barriers to RE development in Yemen. Finally, the conclusion
of this review and some selected recommendations for further
research are presented in Section 8.

II. SURVEYING METHODOLOGY
This academic research explores the RE sector by high-
lighting renewable energy source (RESs) prospects, progress,
status, and use in Yemen via providing detailed renewables
data to draw local people and foreign investors and encour-
age greater awareness. It also includes information gathered
from many sources such as the Web of Science, Scopus,
Science Direct, Researchgate, and Google Scholar databases.
In addition, many other sources were utilized for gathering
information used in this research study, such as: (a) Ministry
of Electricity and Energy (MEE), (b) the public electricity
corporation (PEC), (c) national office of statistics (NOS),
(d) plans of Yemen government about RE-based hybrid
power system, (e) the world bank, (f ) international renewable
energy agency, and (g) statistical review of world energy, and
(h) UN development program (UNDP)-Yemen. The selected
references have been read carefully to derive useful informa-
tion about the RES potential, status, utilization, and future
prospective in Yemen. To search suitable studies within the
purposes and scope of this review, the authors used key-
words such as Renewable energy sources, Yemen electricity,
Energy access, Power sector, Barriers, Wind energy, Energy
production, Climate change, and Yemen’s solar revolution.
The results achieved were structured into six groups. Firstly,
the geographical and demographic conditions of the country
were described. Secondly, the energy sector status in Yemen
prior to the conflict of 2015 and the present situation were
comprehensively reviewed. Thirdly and fourthly, renewable
energy potential and status in Yemen, including wind, solar,
geothermal, and biomass, are discussed, explained, and ana-
lyzed in detail, respectively. Next, barriers and obstacles that
may prevent RE development, including technical, social,
economic, institutional, and policy-related barriers, are also
discussed and highlighted. Finally, a conclusion with some
significant recommendations for future improvement on the

wide use of RE to solve power shortage and toward sus-
tainability and green electricity are provided. The review
process can be divided into two phases as shown in Fig. 1 and
summarized as follows:

A. SELECTION PROCESS
• A sum of 307 references was chosen after the primary
search.

• The first assessment and screening were carried out
using the appropriate keywords, title, abstract, content,
and journal’s main subject of interest, and accordingly,
166 references were identified.

• The second evaluation and screening were conducted
using the articles’ impact factor, the review process,
purpose and scope of the review, and citation.

• Finally, a total of 86 references were selected for the
review at this stage.

B. RESULTS OF THE REVIEW
• Geographical and demographic conditions, including
the location, essential regions, environmental dif-
ferences, weather conditions, and populations, were
broadly reviewed.

• A comprehensive review and detailed explanation of the
energy situation in Yemen before and after the conflict
and civil war, types of power plants, generation capac-
ity, electricity consumption, load types, CO2 emission,
energy access, types of fuel used, and damage on the
electricity sector.

• The current status and potential RE in Yemen, especially
in solar, geothermal, wind and biomass, were broadly
analyzed.

• Availability of solar radiation, wind speed, geothermal,
and biomass with their capacities was analyzed in detail.

• The critical obstacles and barriers of RE development in
Yemen were highlighted.

• Selected suggestions for further utilization of RE to
minimize cost, reducing fuel consumption and carbon
emissions, achieving SDG, and fill the shortage gap of
the power sector in Yemenwith sustainable sources were
provided.

III. GEOGRAPHICAL AND DEMOGRAPHIC CONDITIONS
The Republic of Yemen is located in Western Asia, on the
southwest edge of the Arabian Peninsula, with a total area
of 527,970 km2, and is generally known as Yemen. Geo-
graphically, it is located between (43.2-53.2) longitude and
(13-16)N latitude, bordered by Oman to the east, north by
Saudi Arabia, south by the Gulf of Aden and Arab Sea,
and west by the Red Sea, as shown in Fig. 2. The country
comprises three essential regions: the coast, the desert, and
the mountains. In Yemen, the sunshine is predicted to be one
of the highest classes in the world, whereas; in much of the
state zones, the weather is composed of two seasons: spring
and summer [23], [26].

Yemen’s population size rose from 7.9 million in 1980 to
about 29.2 million in 2019, with an annual increase of up
to 5.30% in 1992 and then dropped to 2.33% in 2019.
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FIGURE 1. Schematic diagram of the review selection process.

FIGURE 2. Yemen location.

The majority of the population with a current ratio of 75%
(21.9 million) considers rural and 25% (7.3 million) urban,
as shown in Fig. 3. The population is expected to continue to
rise to nearly 42.5 million by 2050 [27]. Based on the World
Bank reports, Yemen is the least developed country with the
per capita gross domestic product (GDP) of 1375.626 US $
in 2014; however, as a result of the civil war that started
in 2015, GDP per capita decreased to 660.28US $ in 2019 [6].

IV. ELECTRICAL ENERGY STATUS IN YEMEN
To discuss the energy situation in Yemen, this research
divides the discussion into two parts. The first part is the
energy status before the conflict and civil war, which is the
period before 2015, while the second part would include
energy from 2015 onward (during the war, which continues
till now). It is important to mention that mostly all grid power
supply is shut down during the war period.

A. SITUATION PRIOR TO THE CONFLICT OF 2015
The MEE in Yemen is responsible for formulating energy
policy and strategy of power electricity in the country,
including the licensing and control of private and industrial
auto-generation. As a semi-independent part of the MEE,
the PEC is responsible for transmitting, generating, and dis-
tributing electrical power via several grids [28]. The PEC
generates electricity depend on conventional power plants,
which rely on fossil fuels, petroleum, and its derivatives. Oil
power plants are the country’s largest distributed generation
plants with a cumulative generating capacity of 600 MW,
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FIGURE 3. Division of Yemen population.

followed by steam and gas power plants, generating roughly
495MWand 350MW.Along with several small power plants
located in many different regions of the country (as described
in Table 1), there are four major power plants in Yemen,
one gas power plant located in Ma’rib, and three other steam
stations located in the Al-husoh, Mokha and Ras-katheeb
regions. The Ma’rib gas power plant is the largest, with a
generating capacity ranging from 340 MW to 380 MW [29].
Although Yemen has the fourth largest population in theMid-
dle East region, its generating capacity is one of the lowest
and only enough to satisfy 40% of electricity demand in the
country. In general, the total generation of the power plants
that follow the national grid is around 1100 GW, however; the
average load demand for only load-connected national grid
reaches 1400 MW (total country demand around 2650 MW).
As an example, Fig. 4 shows the average load demand
in June 2014 for one day based on the national control
center [10], [30].

TABLE 1. Generation power plant of electrical grid.

The electric power plants generate electricity at various
levels of voltages and then transmit it at 400 kV and 230 kV
transmission voltage. Generally, most of the beneficiaries

FIGURE 4. Average of load demand in June 2014 for 24 hours.

of the electricity supply in Yemen are from urban areas.
In contrast, only 23% of the rural and remote areas that
make up three-quarters of the country’s population have
access to electricity. It is worth mentioning that due to the
continuous power cuts, the country’s industrial activities are
minimal; therefore, as evident from Fig. 5 [15], the majority
of electricity services go to households’ electrification by
approximately 58%, followed by the commercial sector and
others [14]. The electricity tariff in Yemen depends on the
system of rising block tariffs. In this context, after 2011,
the electricity company introduced a price change as shown
in Table 2. The rates for low-demand urban private customers
were increased up to 44%, tariffs for small rural consumers
rose up to 122%, and commercial users also have to cope with
a rise of 110% [10].

FIGURE 5. Profile of electricity consumption.

The key issue with Yemen’s electrical system is the
heavy use of diesel power plants, which consume around
79,000 tons of diesel per year to generates a low amount of
MWs [28], [31]. As a result, the power sector produces a high
amount of CO2 emission, e.g., in 2012, the power generation
emission factor was averaged at 633 TCO2 /GWh. Besides,
although the generation capacity is limited, the electricity
losses are high due to vandalism against transmission lines
and power plants, resulting in blackouts. Furthermore, other
issues are related to the lack of maintenance and obsolescence
of most outdated stations and transmission lines that have
exceeded their service life [32]. Tomitigate these issues, there
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TABLE 2. Public energy corporation market rates.

was a tendency by the government to build and operate most
of the new power plants with natural gas fuel and therefore
move away from burning oil. However, due to the political
instability in recent years, the construction of a new gas-
fired generating power plant called Marib II with a capacity
of 400 MW has been delayed.

B. ELECTRICITY SECTOR SITUATION AFTER 2015
UP TO DATE
Even before the conflict, Yemen had the lowest electricity
access rate in the Arabic area, and most of the population
in Yemen had been deprived of basic power services [30].
With the outbreak of war, the county’s population plunged
into a serious crisis, and several services have collapsed.
Public power plants were shut down, causing the Yemeni
capital and several country’s cities to drown in complete
darkness. This shallow level of electricity supplies has had
severe implications on water, sanitation, hygiene services,
and, thus, on overall health. Even as diesel generators were
introduced during the conflict for emergency power supply,
fuel shortages severely constrain service delivery. Overall,
the percentage of Yemen’s population with access to public
power fell from around60% in 2014 to below 10% by the
end of 2017 [33]. For instance, Sana’a, the biggest city in
Yemen, with nearly 2 million, has no public electricity. Most
cities have zero access to public electricity; however, a few
cities under government control, such as Aden, only have a
few hours of electricity a day. Attacks on infrastructure have
also affected some of Yemen’s electricity supply. According
to a general assessment of the damage to the electricity sector
in 16 Yemeni cities conducted by international organiza-
tions in 2017, different rates of damage have been reported,
as detailed in Fig. 6. Physical damage to urban power
infrastructure in those cities was estimated at US$ 524–640
million [34].

To make matters worse, fuel shortage rendered it diffi-
cult (or at least unfeasible) to rely on diesel generators,
which caused the night-time light emissions from Yemen
to drop drastically to darkness levels. Amidst the darkness,
and despite the blurred lines of territorial and governmental
jurisdictions, the solar sector in Yemen has appeared as a
rare and remarkable success story, growing in just a few
years roughly 50 times [35]. Commercial home solar systems
have become popular on the market, and solar panels have
spread across rooftops in nearly every town and village, even

FIGURE 6. Damage inventory by type of asset for 16 Cities.

areas not already linked to electricity. The revaluation of solar
energy usage is discussed in detail in Section 6.1.

C. IMPACTS OF COVID-19 ON YEMENI POWER SECTOR
The latest COVID-19 pandemic has dramatically reduced
the electricity demand. Governments all over the world
were forced to decrease business activity in order to min-
imize the danger of Coronavirus. Because of this situa-
tion, people are mainly staying at home and working from
home if possible. As a result, residential load demand has
increased, while commercial and industrial load demand has
decreased [36], [37]. However, the situation in Yemen is
entirely different due to the extreme poverty and the inter-
ruption of the network from work due to the ongoing war.
In addition to the absence of a government, the lockdown was
not a choice, and people are still installing solar energy panels
on the rooftops to meet their necessary need for electricity.

V. RENEWABLE ENERGY POTENTIALS IN YEMEN
Yemen is gifted with abundant renewable energy sources,
with the majority of these sources untapped despite the great
potential of these clean sources. Recent studies conducted
by the clean development mechanism (CDM), NOS, and
MEE have shown that renewable energy sources, especially
solar, geothermal, wind and biomass, are promising [14].
Tomeet the country’s growing energy demand, enabling these
sources to be harnessed and utilized is an inevitable choice.
The theoretical and technical prospects for renewable energy
potential in Yemen are shown in Table 3. On the other side,
energy poverty in Yemen is extremely high, even prior to
the war. The country, for instance, suffered a severe shortage
in the electricity sector, with an annual per capita energy
consumption of only 0.22 MWh [38]. However, despite this
energy shortage, the share of RES did not grow until 2015 and
it was steady at around 0.09% as it had been since the early
stages of its deployment in the country. For this reason, the
government planned to increase this figure up to 15% by
2025 [39]. Fig. 7 shows the predicted RESs capacity of total
power (in MW) by 2025 according to the government plan.
Regrettably, the government plan has been stalled since the
beginning of the war; the electricity has been cut off, and
almost the whole country became dark. Amid this darkness,
however, renewable energy, especially solar energy, emerged
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TABLE 3. Yemen’s renewable energy potential in mw.

FIGURE 7. Targets of Yemen’s share of the renewable energy mix.

and witnessed unprecedented development in providing the
energy needed for homes. This indicates the abundance of this
type of energy that could solve the current energy crisis.

A. SOLAR ENERGY
As one of the high solar radiation regions in the world,
Yemen is an arid and semi-arid country with high inland
mountains, desert upland, and a long coastal semi-desert
plain across the Arab Sea and the Red Sea. The country is
characterized by its warm and clear weather withmostly high-
temperature levels in desert and coastal regions [20]. Yemen’s
solar energy richness is because of its location in the solar
belt between the Tropic of Cancer and Equator, as illustrated
in Fig. 8 [40]. It is endowed with high solar radiation ranging
in average from (5.21-7.23) kWh/m2 a day and an annual
average daily sunshine ranging from 7.3 to 9.1 hours per
day. Fig. 9 shows the average solar radiation for Yemeni
regions located in Latitude 15 and Longitude 45, estimated on
the basis of NASA’s one-year record [41]. Based on ground
measurements, the average sunshine hours across the country
range from 7.3 hours per day in the Northern Region of the
country to 9.1 hours per day in Socotra Island. For instance,
the capital of Yemen (Sana’a) has daily average sunshine
hours of 7.7 hours. Even during the coldest period of the year
(winter), the average of sunshine daily hours is evaluated to
be around 8.2 hours a day.

The longer average hours of sunshine throughout the year
enable high-power generation of solar energy technologies
even during winter, which may be a significant additional
advantage for Yemen. More interestingly, the annual average
temperature in Yemen ranges from 21◦C to 31◦C, which is
considered a perfect condition for generating electricity using
the PV system [7], [40]. This ideal location, characterized

FIGURE 8. Solar resource distribution in Yemen [40].

FIGURE 9. Solar radiation on a horizontal surface: Monthly average 2018.

by an abundance of solar irradiation, longer sunshine hours,
and the proper generation temperature, offers a high potential
for exploiting solar energy to generate most of the electricity
needed in the country [42]. It is feasible to use either central-
ized (on-grid) solar power applications that could be used in
large-scale farms or decentralized (off-grid) applications that
could be used for small-scale generation of electricity. It is
also feasible to utilize solar energy for rural electrification,
which suffers a high electricity shortage.

The study conducted in [15] compared the solar radiation
in Yemen to Iran, as an example country from the mid-
dle east, concluding that Yemen has 200% more radiation
than Iran. It is unfortunate that although Yemen has not
exploited this precious resource, Iran has recently generated
around 342 MW of power from solar energy [16].
Yemen must now take advantage of the vast uninhabitable
regions like valleys and deserts that are not agricultural in
order to establish large solar power plants for electricity
production. The area of 20 km2 is eligible for producing
approximately 1.5 GW of power. According to [7], Yemen’s
theoretical potential for solar harvesting using concentrated
solar power (CSP) is high, about 2.5 million MW. In addi-
tion, the study [42] conducted about the publics behavioral
toward solar power showed that most Yemenis live in remote
and mountainous regions and are interested in employing
solar power as the only available source, at least in the near
future. Overall, the weather of the country divided mainly

79284 VOLUME 9, 2021



A. Q. Al-Shetwi et al.: Utilization of Renewable Energy for Power Sector

FIGURE 10. The wind energy density (50 m above ground level) [10].

into summer and winter. The desert and coastal regions show
high summer temperatures, and the mountainous regions get
a hot summer. However, the temperature of the winter is
decent [10], [43]. The bulk of the Yemeni population living in
thewestern parts, known asmountainous regions. At the same
time, most areas to the east and north with less population
are characterized as desert regions. Consequently, since the
levels of radiation are an essential feature in the economic
viability of PV systems, the high degree of radiation in
Yemen is extremely promising to use solar energy as a major
power production source across the country [44]. Another
significant factor is the average number of dark/cloudy days
each year; since the country is arid and/or semi-arid, it is
difficult to identify a full overcast day in many areas of
Yemen [45].

B. WIND ENERGY
Yemen encompasses more than 2500 km of long coastline
with an average width of 45 km along the Arab Sea and the
Red Sea. The average wind speed in these coastal regions is
over 8 m/s per annum. There is strong potential for creating
wind farms both on the coastal strip and offshore. The geo-
graphic nature of Yemen with reasonable speed and duration
of wind should help to generate a suitable amount of power.
Yemen is obviously home to the well-known phenomenon of
local wind patterns such as mountain-valley wind and sea
breezes wind [15]. The 50 m map of wind energy density
above ground level in Yemen is shown in Fig. 10 [10].

It is worth noting that, Mountain-Valley areas are Yemen’s
most populous areas. On the top of themountains, many small
villages shuttered where the altitude is 1200 m above or less
sea level. Therefore, the power supply of these areas can
be most economically produced via wind turbines [46].

The wind is available virtually all year round, allowing wind
turbines to generate electric power for household use in rural
areas in a decentralized way. Based on the report conducted
in [47] about RE resource assessment by the department of
RE strategy and action plan in Yemen, the most economi-
cally attractive areas are Taiz, Aden, Lahj, coastal plains of
Hodeidah, and Abyan. These areas have more than 3500 full
load hours per year, corresponds to more than 2,507 MW of
installed capacity with an average annual power generation
of around 8,293 GWh. With its coastal areas in Al-Mokha
and the surrounding mountains in Arrous, Taiz alone is an
ideal environment for installing wind farms. According to
different studies andMEE experts, an area of only 300 km2 in
Al-Mokha can generate approximately 1.8 GW. At the same
time, mountainous areas are also able to generate enormous
energy thanks to their high wind speed that reaches 21.7 km/h
in July [47], [48]. Other promising areas for wind gener-
ation are the valleys and mountains (Dhamar, Sana’a, and
Sayun) and coastal regions (Hodeidah, Aden, Al Mukalla,
and Mokha) [10], [28], [49]

What is more surprising is the availability of both sun
and wind in most of these areas, allowing wind-PV hybrid
systems to be proposed in these regions. A high wind speed in
the coastal regions continues over six months (September to
March) [35]. This circumstance is a good predictor for offer-
ing a hybrid system consist of wind farms with PV system,
Diesel generation, or grid connections.

Fig. 11 shows the average of wind speeds during all year’s
months in four areas in Yemen. However, unfortunately, the
meteorological data available for different locations in the
country does not provide adequate wind information. There-
fore, further studies, investigations, and more data collection
about the availability of wind, its daily speed, the potential
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FIGURE 11. The average of hourly wind speeds in four cities.

and exact estimation of wind energy for various places in
Yemen should be conducted in order to aid precisely in wind
generation economics.

C. GEOTHERMAL ENERGY
The thermal energy generated and stored in the Earth is called
geothermal energy. Fortunately, Yemen is one of 10% of
the world’s regions with geological hot spots. The volcanic
activities in Yemen are extremely high, leading to increased
heat flow. This heat flow could be exploited to generate power
from under the ground using superheated water [50]. Besides,
Yemen is located close to three of the world’s most active
tectonic boundaries (Red Sea, Gulf of Aden, and East African
Rift). In a triple junction, these three tectonic plates meet and
create a significant geothermal gradient, producing geother-
mal energy of approximately 28.5 GW [43]. In addition,
Yemen has several areas marked by volcanic character and
also more than seven areas with natural hot water springs.
Furthermore, it was identified as one of the high-temperature
flow countries where this flow reflects the temperature of
the ground [51]. In sum, these situation demonstrates the
potential of geothermal energy.

The world heat flow map showed that Italy and Yemen
have the same heat flow potential (60 MW/cm2). However,
in Italy, the total capacity of geothermal energy installed for
electricity production is reached around 915.5MW [52], [53].
This is another indicator that Yemen has an encouraging level
of geothermal energy potential. A study was conducted and
funded by the World Bank to examine geothermal energy
potential in Dhamar region [10]. The study revealed that it
is possible to construct a power plant employing geothermal
energy capable of delivering power with a capacity of 125 to
250 MW. Compared to the total power generated in the
country, this amount of energy is beneficial. Several other
geothermal areas in Yemen are easily accessible for appli-
cation in geothermal energy. These areas are accessible in
provinces like AlDhala, Ibb, Gulf of Aden, and Red Sea
coastal areas [54]. Damt (Al-Dhala) share the same charac-
teristic as California and Iceland where hot water erupts to
the surface. Overall, the average temperature of the reservoir
in Ibb, Dhamar, and Al-Dhala is between 70-140 ◦C. Thus,
the geothermal power plants in such regions are potentially
applicable where surface temperature is about 150◦C. There-
fore, it is practically possible to install plants with an overall
capacity of 600 MW in these locations [15]. In sum, the

country has good geothermal energy potential, but it has not
been exploited yet.

D. BIOMASS ENERGY
Yemen is famous throughout history for being an agricul-
tural country representing the country’s primary economic
sector. A large amount of waste is being produced through
agricultural activities [55]. Other biomass sources also exist
in Yemen like crops, wood, industrial and municipal solid
waste (MSW), sewage of municipal, tire waste, and food
industry. Such sources of waste could be used for biomass
potential to be utilized for various purposes like gasification
for electricity production or for cooking [56]. This technology
could generate electricity from biogas in major urban areas
such as Sana’a, Aden and Taiz instead of diesel fuel or heavy
fuel (Mazots) mainly used in Yemen’s current power stations.
Fig. 12 shows the estimated composition of MSW produced
in Yemen, which can be used to produce energy at waste-to-
energy plants [57].

FIGURE 12. The estimated composition of municipal solid waste (MSW)
produced in Yemen.

For example, in Sana’a alone, which has a population of
two million people, it is possible to collect a large amount of
waste, up to 1000 tons per day, only by gathering all the waste
collected by mobile waste trucks in the city. This waste could
be provided to specialized digesters to generate biogas which
is made up of 40% carbon dioxide (CO2) and 60% methane
(CH4). It is estimated that 50 m3 of biogas can be generated
for every ton of waste. Consequently, the 1,000 tons of Sana’a
waste can produce approximately 5,000 m3 of biogas per day,
equivalent to 30MWh. This production capacity could supply
5,000 households whose average electricity need is 6 kWh
[15], [35]. Unfortunately, the utilization of biomass conver-
sion technology is still limited and needs further investigation
and investment.

E. COMPARATION WITH NEIGHBOURING COUNTRIES
This section provides a brief comparison of Yemen’s RE sit-
uation with some of its neighbours. Yemen is surrounded by
the oil-rich Arab Gulf states of Oman, Saudi Arabia, Bahrain,
Kuwait, Qatar, and the United Arab Emirates. Despite their
vast geographical potential, these countries’ current gener-
ated RE is still relatively low. However, with the support of
governments, significant efforts are being made to develop
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several strategic RE projects in these countries to meet the
increasing demand for electricity and proportion to their
geographical location and economic potential. For example,
the Saudi government recently announced a $ 108.9 billion
project that will produce a total of 41 GW of solar energy
by 2032, enough to meet a third of building energy consump-
tion. When we equate the enormous budget devoted to this
project to Yemen’s total budget, we find that $ 108.9 billion
is the equivalent of Yemen’s budget for 15 years [58]. As a
result, any comparison between Yemeni projects and their
counterparts in the Arab Gulf states would be unfair. The
majority of RE projects in Yemen are funded by individual
efforts, with a few financed by international organizations
providing humanitarian aid to Yemenis. Table 4 provides a
brief comparison for the Arab Gulf states to demonstrate
the complete picture of the renewable energy situation in
the neighbouring countries. Table 4 shows a brief compar-
ison of the RE development with neighbouring countries
of Yemen [59], [60].

TABLE 4. A brief comparison of re with neighbouring countries of
Yemen [59]–[63].

VI. CURRENT STATUS OF RE IN YEMEN
A. YEMEN’S SOLAR ENERGY REVOLUTION
As mentioned earlier, despite the escalation of the electricity
crisis in Yemen at the beginning of the conflict, it was existed
long before the war, with only 40% of the population having
access to the electricity. Even more than that, the majority
of those who had access to electricity experienced regu-
lar service interruptions, as the disconnection hours in the
capital, for example, were two or three hours a day. To address
this issue, many solar PV projects have been implemented in
the residential sector by individuals and some organizations.
It was challenging to find the exact number and capacity
of these projects; however, the projects implemented by the
government are summarized in Table 4.

On the other hand, when the war began in March 2015,
a complete shut-down of power generation occurred across
the country, and what made matters worse were the airstrikes
that damaged some power stations. This challenging situation
has geared the Yemeni society to rely on solar photovoltaic
(PV) as an alternative solution to meet their basic electricity
needs. In one of the few positive stories that emerged from the
conflict, the lack of public power supply and limited avail-
ability of diesel fuel in combination with the rapidly falling
cost of solar globally has spurred a booming industry for solar

TABLE 5. Governmental solar pv initiatives in residential sector [64].

systems, serving homes, farmers, small to medium-sized
businesses, and solar lamps for basic lighting. A market
assessment conducted by the World Bank in 2016 esti-
mated that the market penetration of solar energy for light-
ing and appliances reached 75% of households in selected
urban areas, including the capital city [9]. According to a
world bank report on Yemen emergency electricity access
project [65], more than US$ 200 million has been invested
annually in the residential off-grid solar sector since the out-
break of the conflict. The solar market in Yemen is operating
on a commercial basis and is driven by the private sector,
with a supply chain ranging from trading companies import-
ing panels, charging controllers, and batteries to small-scale
retailers that have expanded their business to solar panels.
This solar supply chain shown in Fig. 13 represents the quick-
est and most reliable solution to the country’s extreme power
shortages, supplies households with electricity, and restoring
service delivery of electricity-dependent services [22], [65].

FIGURE 13. Supply chain and approximate cost reduction.

The UNDP-Yemen report [8] highlights that, over the past
five years, a tremendous amount of money has been invested
in residential solar PV systems, estimating the market pene-
tration of PV systems to be around 50% of households in rural
areas and 75% in urban areas. In many cities and villages,
solar panels became part of their rooftops. Overall, solar
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energy usage in Yemen could bring enormous hard currency
economic returns to the Yemeni economy by saving 675 thou-
sand tons of fossil fuels, worth about US$ 600 million per
each 1 GW of electricity produced. Based on the preliminary
estimates, around 600 MW of PV plants were mounted since
the war began in 2015, as shown in Fig. 14 [34].

FIGURE 14. Unprecedented rise (revolution) of solar energy in Yemen.

The installed PV capacity of the country can, however,
be even higher. Therefore, solar generation production has
grown nearly fiftyfold within only a few years, and solar
energy is now the primary source of electricity in most
Yemeni governorates. It is worth mentioning that owning a
solar system is higher for urban households than in rural
areas. According to [9], up to 85% of households powered
by solar panels are in the mountainous areas around the
capital. At the same time, other governorates in eastern and
southern Yemen have only limited shares of PV systems.
This signals a booming potential not only in the residential
sector but in other dynamic sectors as well. Many farmers, for
instance, have resorted to solar pumping schemes. Estimates
of the technical market potential in essential sectors give
promising figures for further deployment and expansion in
the PV market in Yemen, which could trigger a multibillion
market, sustaining the PV business for at least two decades
to come. Nonetheless, certain assumptions were considered
when developing the technical potential, and that the actual
potential could be, to variable degrees, less than the stated
figures.

B. STATUS AND FUTURE OF WIND ENERGY
There is almost no application of wind energy in Yemen.
However, prior to the war, the PEC planned to implement
wind farms inAl-Mocha-Taiz (13.3203◦ N, 43.2473◦ E). This
region is located on the coastal Red Sea zone, and the PEC
preliminary study has shown that the region experiences an
average wind speed of 7.4 m/s per annum. The PEC had
already installed an experimental wind turbine in the
place [14], [66]; however, due to the ongoing conflict for
five years, the turbine has not been operationalized, and it
is hard to predict the actual launch and commissioning of
the project. Upon completion, the project is anticipated to
generate 65 MW of grid-connected wind energy, strengthen-
ing the national grid system.

Several studies and reports were conducted to investi-
gate wind energy resources in Yemen; they all confirmed
that this energy type is available in various parts of the
country [10], [18], [35], [39], [67]. Fortunately, most of the
regions promising with wind energy are located in good
locations where there are already high-voltage transmission
lines, such as Al-Mokha, Aden, Abyan, Hodeidah, Lahej,
and Dhamar [20]. The expected economic potential of wind
energy from these regions is illustrated in Fig. 15, which
indicates the promising future of this energy and the necessity
for the PEC and MEE to take serious steps to invest in such
a clean source. According to MEE, Yemen can theoretically
produce between 17 and 19 GW of wind power. This means
that Yemen will not only be rich in energy but will also be
able to sell it to its neighbors [14]. Indeed, to achieve this
amount of energy production, PEC must open up the electric-
ity sector market not only to investors in Yemen but also to the
international level. However, given that the current conditions
are not suitable for investors, and instead of waiting for the
country to stabilize, studies recommend that the PEC should
at least begin developing a short-term plan (over 3 to 5 years)
to generate 2 GW of electricity from wind energy, thereby
sparing Yemen from an inevitable disaster represented by the
collapse of the electricity sector.

FIGURE 15. The expected economic potential of wind energy in Yemen.

C. OTHER RENEWABLE SOURCES PROGRESS
In addition to the solar and wind energies as main renewable
sources in Yemen, geothermal and biomass can also con-
tribute to the electricity mix and has potential, as discussed
early. In this regard, it was estimated that about 2900 MW
of power from geothermal sources could be available [10].
A tentative survey in the 1980s found some geothermal poten-
tial in the south of Sana’a, the most promising of which
is situated at Al-lissi Mountain and Hamam Ali in Dhamar
governorate [68]. This source is thought to be adequate to
produce a minimum of 50 MW, and the ultimate source
could be reached 500 MW. Therefore, MEE signed with an
Icelandic company to develop a 10 MW plant on the site,
but during the financial crisis, the company went bankrupt,
and the project did not materialize [54]. Overall, it can be
concluded that the geothermal power production did not see
the light yet maybe because it requires significant investment,
whereas Yemen is a poor country.
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On the other hand, concerning biomass, there are differ-
ent biomass sources in Yemen, still unutilized. In addition,
the usage of biomass conversion technology is still limited.
Based on the report introduced in [69], theoretically, about
10MWof electricity could be generated from the current lev-
els of municipal solid waste (MSW) output in Yemen’s main
cities. Suppose only cities that produce over 100 thousand
tons of solid waste a year are to be considered. In that case,
the figure falls to about 8 MW. 6 MW could even be acquired
from the landfill sites in Sana’a, Taiz, Aden, and Hodeidah
(Main four largest cities) and is most likely to be economical.
Finally, it is important to notify that the Yemeni potential for
other types of RESs such as hydropower and tidal energies
has not been examined yet.

VII. RENEWABLE ENERGY IN YEMEN: OBSTACLES AND
BARRIERS
The intergovernmental panel of climate change (IPCC) [70]
defined the obstacle in its recent reports as ‘‘any stumbling
block or barrier to developing and deploying a renewable
energy potential that can be overcome or attenuated by a
policy, program or measure’’. As mentioned earlier, in Yemen
today, there are many reasons to encourage the use of RESs at
least to address the problem of acute electricity shortages and
contribute towards grid de-carbonization and sustainability.
However, there are major obstacles and challenges. Thus,
this study defined five categories of such barriers, all of
which have applied to a greater or lesser degree towards the
utilization of the available RESs in Yemen’s power sector as
follow:

A. ECONOMIC BARRIER
One significant obstacle in developing any project is the
financial barrier because the project will not succeed without
sufficient funding. However, in developing countries like
Yemen, funding for large infrastructure projects is mainly
provided by international assistance grants or concessional
loans from bodies [71]. It is well known that in comparison to
fossil-fuel systems, the costs of RE systems projects are high.
This has made it difficult to secure a loan for rural house-
holds that are cash poor and regards installing even small
PV systems as one of the major obstacles. The purchases
made regularly by these households for lighting kerosene are
simpler for them to pay, as they are not aware of their overall
cost. The trick is to find a method that helps the household
pay for RE lighting in similarly small installments at a much
lower total expense. For example, recently, efficient LED
lights have been considered the key component of reducing
PV systems cost compared to the older PV systems and
considerably reduces this barrier worldwide [72]. Moreover,
the lack of credit facilities and high-interest rates on credit
facilities could be considered as a significant barrier to RE
development. Although there is support from UNDP for
some PV projects in Yemen [9], there are bounded financial
instruments, investment mechanisms, and organizations for
RE project financing. Additionally, the absence of coordi-
nation between local communities and central governments

about the planning and financing of RE projects is another
obstacle.

B. TECHNICAL BARRIERS
One of the technical barriers to RE development in Yemen
is the lack of the necessary infrastructure to upholding this
technology. In addition, there is a rareness of trained person-
nel to train, maintain, demonstrate, and operate RE structures.
Therefore, for fear of failure, people may not be willing to
import and install renewable technologies. Besides, lack of
transmission and distribution network physical infrastructure
along with the required services and equipment of a national
electrical company [20], [73]–[75]. Furthermore, insufficient
management and equipment maintenance, combined with
low technological reliability, lower customer confidence in
certain RE technologies and thus hinder their deployment and
adoption [76], [77]. That is because several RE equipment
is imported from advanced countries to developing countries
like Yemen. Thus lack of spare parts and sufficient skills to
service/repair the equipment contributes to the failure of the
equipment, which in turn stops the energy supply.

Moreover, based on investors’ perspectives [78], there
are inadequate procedures, standards, and guidelines for RE
regarding reliability, durability, efficiency, etc., that prevent
commercialization of large-scale RE power plants. Finally,
energy storage is a big technological issue facing renewable
energy today [79]–[81]. Despite their limitless abundance,
the wind or sun supply is not constant, and power grids cannot
work unless they can balance demand and supply. In order
to solve this issue, large batteries must be built which can
compensate for the periods if there is no renewable resource
available [82]. However, the cost, periodical maintenance,
fast discharge, capacity, and lifetime of the batteries need to
be improved for the efficient operation of RE.

C. POLICY-RELATED BARRIERS
Lack of RESs technologies, national policies, and regula-
tions, administrative hurdles, unrealistic government targets,
inadequate incentives may impede the drastic expansion of
these technologies in the Yemeni power sector [83]. For
instance, there is no grid code for identifying the regu-
latory instrument used and coordinating various electric-
ity supply activities of the electricity operators, producers,
distributors, and consumers in Yemen yet [43]. It is well
known that the Feed-in-Tariff (FiT) scheme is the mecha-
nism that governments use to subsidize RESs and render
themmore cost-efficient with technology-dependent on fossil
fuels [84]. However, unfortunately, this policy is still absent in
Yemen [42]. Consequently, the lack of such proper economic
incentives leads to high costs, which influence the growth of
RE in the future. Moreover, the government to date has no tax
policy for RE. Therefore, the Yemen government must have
tax incentives for the purchase of RE equipment and granting
tax exemptions for the use of renewable sources services.
The tax incentives policy will attract potential investors and
industry players to invest in RE. In addition, standards
and certificates shall be used to ensure compliance with
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importation country standards of equipment and parts manu-
factured or procured from overseas. Such certifications guar-
antee that the products are imported and operated under local
law. The lack of these standards leads to confusion for energy
producers and unnecessary difficulties.

D. INSTITUTIONAL BARRIERS
The shortage of functioning institutions is the major cause
of minimizing any technique’s dissemination [85]. In Yemen,
there is no institutional framework or a working mechanism
for the Yemeni RE sector, which results in the unavailability
of information for both consumers and producers. Further-
more, the absence of a research and development (R&D)
culture and lack of stakeholders’ participation may make
an adaptation of technology difficult and lead to misplaced
decision-making priorities. Finally, the lack of professional
institutions and labs is another institutional barrier [10], [86].

E. SOCIAL BARRIERS
There are some factors that may lead to public opposition
to the transition from conventional resources to renewable
resources such as the lack awareness and knowledge about the
benefits of RE, purchase of agricultural lands to establish RE
stations, and uncertainties regarding financial feasibility and
ecological benefits of RE installation projects.. For instance,
in Yemen, most people in rural communities are uneducated
and thus have no awareness about the idea or concept of
RE [42]. Besides, there is insufficient public understanding
of RE benefits in everyday life and a lack of understanding
of traditional sources’ social and/or environmental impacts.
Moreover, the perception of unrealistically high costs of RE
is also another barrier [39]. Therefore, community awareness
and a critical emphasis on socio-cultural practices are neces-
sary for the community. In addition, no direction or desire
from specialists in the upper levels of society to decide to
buy renewable generators such as solar PV systems instead
of buying diesel generators [22]. Finally, the lack of a solid
foundation of the local skilled labour force to build, design,
operate, andmaintain a RE plant is another social barrier [66].

VIII. CONCLUSION AND RECOMMENDATION
The goal of this paper was to evaluate the potential, status, and
barriers of renewable energy applications for electricity gen-
eration in Yemen, with a quick presentation of the conditions
and chronic issues of the Yemen electricity sector. Yemen has
unexplored potential to harness renewable resources as a way
of bridging the country’s energy gap. Therefore, the major
role for RE in Yemen should be exploited to cover the elec-
tricity shortage and reduce the high import costs of fossil fuel
currently in use. Besides, exploitation of RE in Yemen will
contribute to the global effort to escape the future impacts of
climate change and achieve SDG 2030. Based on the review,
the potential of energy sources from wind, solar, geothermal,
and biomass in Yemen is widely available and technically
exploitable. Yemen is one of the wealthiest nations globally in
terms of the availability of solar radiation and wind speed and
is characterized by the availability of these two key sources in

most parts of the country. Although wind and solar energies
have begun to generate electricity with limited capacities,
geothermal energy and biomass are still untapped and need
a great deal of concern. As a result of the war conditions that
Yemen has been going through since five years, there was
a complete collapse of the national electricity system. How-
ever, there has been a revolution in exploiting solar energy,
and the population has increasingly shifted to use it. Statistics
have shown that solar energy generation increased by almost
50 times in only a few years (during the war). The capacity
increased from less than 15 MW in 2014 to about 600 MW
in 2019, making solar energy the main source of electricity
for most Yemenis nowadays. Despite the vast improvements
in the RE systems technology, there are numerous barriers to
the growth of RE in Yemen, including technical, social, eco-
nomic, institutional, and policy-related barriers. Considering
all the mentioned barriers, this review puts forward some
significant and selective suggestions to promote further use
of RE for electricity generation in Yemen, such as:

• Given that Yemen is one of the wealthiest nations in RE
sources, especially solar and wind, the Yemeni govern-
ment must create an encouraging investment climate to
attract domestic and foreign investment to this sector by
providing more investment facilities and incentives.

• Bridging the wide gap between the growing electricity
demand and the suspension of government power plants,
individuals need to be made aware of the value of RE
and encouraged to shift to its sources as an alternative to
fossil fuel.

• Developing geothermal and biomass projects in those
regions affluent in these sources potential in Yemen.
Until now, no geothermal and biomass-powered project
is operational or in the pipeline.

• The RE strategic policy shall cover four key aims: secu-
rity of energy, social equity, economic benefits, and
environment protection.

• The government is encouraged to reduce the high cost
of RE systems via offering a new policy of taxes with
respect to RE technology, subsiding the dependency on
conventional energy, and providing more attention to
rural and desert communities for the use of RESs.

• Strengthening the technical capabilities of national
authorities, institutions, and associations in RE and
requested aid from international organizations.

• In some regions, the wind and sun availability could
encourage the proposal of hybrid PV-Wind systems.

• Addressing social barriers by raising awareness among
students on RE topics through educating, at various
educational levels, their concepts and benefits for the
environment, energy security, and the economy.

• Developing plans and start implementing smart micro-
grids consisting of different renewable and non-
renewable sources.

• Enhancing the culture of R&D through expanding
research and higher education institutes and technology
centers.

79290 VOLUME 9, 2021



A. Q. Al-Shetwi et al.: Utilization of Renewable Energy for Power Sector

• Establishing clear rules governing grid connection
costs to allow private operators to connect on a non-
discriminatory basis and determine fair levels of costs.

• Renewables targets should be set with a clear purpose
in mind (such as CO2, air pollution reduction, or energy
security) and align with other strategic policy goals to
avoid perverse outcomes, and

• Resource data for different renewables should be freely
available by the government.

REFERENCES
[1] S. Managi, R. Lindner, and C. C. Stevens, Technology Policy for the

Sustainable Development Goals: From the Global to the Local Level.
Amsterdam, The Netherlands: Elsevier, 2021.

[2] Global Status Report. (Jul. 22, 2020). Renewables 2019 Global Sta-
tus Report-REN21. [Online]. Available: https://www.unenvironment.org/
resources/report/renewables-2019-global-status-report

[3] R. M. Elavarasan, G. M. Shafiullah, S. Padmanaban, N. M. Kumar,
A. Annam, A. M. Vetrichelvan, L. Mihet-Popa, and J. B. Holm-Nielsen,
‘‘A comprehensive review on renewable energy development, challenges,
and policies of leading indian states with an international perspective,’’
IEEE Access, vol. 8, pp. 74432–74457, 2020.

[4] M. Shoeb and G. Shafiullah, ‘‘Renewable energy integrated islanded
microgrid for sustainable irrigation—A Bangladesh perspective,’’ Ener-
gies, vol. 11, no. 5, p. 1283, May 2018.

[5] S. D. G. UN. (Jan. 23, 2019/2020). Sustainable Development Goal
7 | SDG7 Affordable and Clean Energy. [Online]. Available: https://
www.un.org/sustainabledevelopment/sustainable-development-goals/

[6] The World Bank. (Feb. 6, 2019/2020). Access to Electricity. [Online].
Available: https://data.worldbank.org/indicator/EG.ELC.ACCS.ZS

[7] M. Hadwan and A. Alkholidi, ‘‘Solar power energy solutions for yemeni
rural villages and desert communities,’’ Renew. Sustain. Energy Rev.,
vol. 57, pp. 838–849, May 2016.

[8] U. Nations. (Jul. 16, 2020). United Nations Development Programme
(UNDP), Greening the Blue—UNDP Yemen. [Online]. Available:
https://yemen.un.org/en/17377-undp-yemen-greening-blue

[9] D. Ansari, C. Kemfert, and H. Al-Kuhlani, Yemen’s Solar Revolution:
Developments, Challenges, Opportunities. DIW Berlin, Germany: Politik-
beratung Kompakt, 2019.

[10] A. S. Rawea and S. Urooj, ‘‘Strategies, current status, problems of energy
and perspectives of Yemen’s renewable energy solutions,’’ Renew. Sustain.
Energy Rev., vol. 82, pp. 1655–1663, Feb. 2018.

[11] M. Mahlooji, L. Gaudard, B. Ristic, and K. Madani, ‘‘The importance of
considering resource availability restrictions in energy planning: What is
the footprint of electricity generation in the Middle East and North Africa
(MENA)?’’ Sci. Total Environ., vol. 717, May 2020, Art. no. 135035.

[12] S. A. Asongu, M. O. Agboola, A. A. Alola, and F. V. Bekun, ‘‘The crit-
icality of growth, urbanization, electricity and fossil fuel consumption
to environment sustainability in Africa,’’ Sci. Total Environ., vol. 712,
Apr. 2020, Art. no. 136376.

[13] M. M. Hoffmann and D. Ansari, ‘‘Simulating the potential of swarm
grids for pre-electrified communities—A case study fromYemen,’’ Renew.
Sustain. Energy Rev., vol. 108, pp. 289–302, Jul. 2019.

[14] Ministry of Electricity and Energy. (2019). Structure and Regulations of
Electricity in Yemen. [Online]. Available: http://www.yemen.gov.ye/ por-
tal/electricity/%D8%A7%D9%84%D8%B1%D8%A6%D9%8A%D8%
B3%D9%8A%D8%A9/tabid/663/Default.aspx

[15] A. Q. S. Qasem, ‘‘Applications of renewable energy in Yemen,’’ J. Funda-
mentals Renew. Energy Appl., vol. 8, no. 2, p. 2, 2018.

[16] M. K. Firozjaei, O. Nematollahi, N. Mijani, S. N. Shorabeh,
H. K. Firozjaei, and A. Toomanian, ‘‘An integrated GIS-based ordered
weighted averaging analysis for solar energy evaluation in Iran: Current
conditions and future planning,’’ Renew. Energy, vol. 136, pp. 1130–1146,
Jun. 2019.

[17] S. Nathaniel, O. Anyanwu, and M. Shah, ‘‘Renewable energy, urbaniza-
tion, and ecological footprint in the Middle East and North Africa region,’’
Environ. Sci. Pollut. Res., vol. 27, pp. 1–13, Feb. 2020.

[18] S. M. Bin Gadhi and M. A. Mukbel, ‘‘A review of renewable energy
activities in Yemen,’’ Renew. Energy, vol. 14, nos. 1–4, pp. 459–465,
May 1998.

[19] A. Q. Al-Shetwi, M. Z. Sujod, A. Al Tarabsheh, and I. A. Altawil, ‘‘Design
and economic evaluation of electrification of small villages in rural area in
Yemen using stand-alone PV system,’’ Int. J. Renew. Energy Res., vol. 6,
p. 289, Mar. 2016.

[20] A. G. Alkholidi, ‘‘Renewable energy solution for electrical power sector in
Yemen,’’ Int. J. Renew. Energy Res., vol. 3, pp. 803–811, Dec. 2013.

[21] A. A. Razmjoo, A. Sumper, and A. Davarpanah, ‘‘Energy sustainability
analysis based on SDGs for developing countries,’’ Energy Sour. A, Recov-
ery, Utilization, Environ. Effects, vol. 42, no. 9, pp. 1041–1056, May 2020.

[22] D. A. Baharoon, H. A. Rahman, and S. O. Fadhl, ‘‘Personal and psycho-
logical factors affecting the successful development of solar energy use in
Yemen power sector: A case study,’’ Renew. Sustain. Energy Rev., vol. 60,
pp. 516–535, Jul. 2016.

[23] H. S. Alganahi, A. M. Haidar, and A. Abdalla, ‘‘Experimental study of
using renewable energy in Yemen,’’ Austral. J. Basic Appl. Sci., vol. 3,
no. 4, pp. 4170–4174, 2009.

[24] A. H. Algifri, ‘‘Wind energy potential in Aden-Yemen,’’ Renew. Energy,
vol. 13, no. 2, pp. 255–260, Feb. 1998.

[25] M. H. Al Buhairi, ‘‘A statistical analysis of wind speed data and an
assessment of wind energy potential in Taiz-Yemen,’’ Ass. Univ. Bull.
Environ. Res, vol. 9, pp. 21–33, Oct. 2006.

[26] N. M. C. McSweeney and G. Lizcano, ‘‘[Yemen hires report] UNDP
climate change country profiles 2012,’’ Tech. Rep., 2012.

[27] United Nations. (2019). The 2019 Revision of World Population Prospects,
Department of Economic and Social Affairs Population Dynamics.
https://population.un.org/wpp/

[28] M. A. Almekhlafi, ‘‘Justification of the advisability of using solar
energy for the example of the Yemen republic,’’ Technogenic Ecol. Saf.,
Tech. Rep. 4(2/2018), 2018.

[29] Public Electricity Corporation. (Mar. 20, 2019).Ministry of Electricity and
Energy, Public Electricity Corporation (PEC) Yemen. [Online]. Available:
http://www.pec.com.ye/

[30] P. E. Corporation, ‘‘Yemen public electricity corporation annual report,’’
Ministry Planning Int. Cooperation, Sana’a, Yemen, 2010.

[31] The Yemen Public Electricity Corporation, ‘‘YemenYemen public electric-
ity corporation annual repor annual report,’’ Tech. Rep., 2014.

[32] J. T. Huenteler, A. Khanna, S. Badiei, T. M. Matsuo, E. Maier, and
E. M. Fernstrom, ‘‘Republic of Yemen-restoring and expanding energy
access: Power sector reengagement note,’’ World Bank, Bretton Woods,
NH, USA, Tech. Rep. ACS22319, 2017.

[33] W. Jiang, G. He, T. Long, and H. Liu, ‘‘Ongoing conflict makes Yemen
dark: From the perspective of nighttime light,’’ Remote Sens., vol. 9, no. 8,
p. 798, Aug. 2017.

[34] T. Sufian, ‘‘Post conflict reconstruction strategy study for the electricity
and energy sector of Yemen,’’ Energy Charter Secretariat, Brussels, Bel-
gium, 2019, pp. 1–87, vol. 2.

[35] E. I. H. Alkipsy, V. Raju, and H. Kumar, ‘‘A review of the challenges of
energy sector and prospects of renewable energy utilization in Yemen,’’
Global J. Manage. Bus. Res., vol. 20, pp. 1–7, Apr. 2020.

[36] R. M. Elavarasan, G. Shafiullah, K. Raju, V. Mudgal, M. T. Arif, T. Jamal,
S. Subramanian, V. S. S. Balaguru, K. S. Reddy, and U. Subramaniam,
‘‘COVID-19: Impact analysis and recommendations for power sector oper-
ation,’’ Appl. Energy, vol. 279, Dec. 2020, Art. no. 115739.

[37] R. M. Elavarasan, R. Pugazhendhi, T. Jamal, J. Dyduch, M. T. Arif,
N. M. Kumar, G. Shafiullah, S. S. Chopra, and M. Nadarajah, ‘‘Envision-
ing the UN sustainable development goals (SDGs) through the lens of
energy sustainability (SDG7) in the post-COVID-19world,’’Appl. Energy,
vol. 292, Jun. 2021, Art. no. 116665.

[38] A. Sarhan, H. Hizam, N. Mariun, and M. Ya’acob, ‘‘An improved numer-
ical optimization algorithm for sizing and configuration of standalone
photo-voltaic system components in Yemen,’’ Renew. Energy, vol. 134,
pp. 1434–1446, Apr. 2019.

[39] A. Ajlan, C. W. Tan, and A. M. Abdilahi, ‘‘Assessment of environmental
and economic perspectives for renewable-based hybrid power system in
Yemen,’’ Renew. Sustain. Energy Rev., vol. 75, pp. 559–570, Aug. 2017.

[40] S. Solargis GHI Free Maps. (Jun. 7, 2019). Solar Resource Maps
of Yemen. [Online]. Available: https://solargis.com/maps-and-gis-
data/download/yemen

[41] NASA Solar Radiation and Meteorological Data. (Aug. 7, 2018).
Solar Energy Database. [Online]. Available: https://power.larc.nasa.
gov/downloads/POWER_SinglePoint_Climatology_015d00N_045d00E_
619e3321.txt

[42] D. A. Baharoon, H. A. Rahman, and S. O. Fadhl, ‘‘Publics’ knowledge,
attitudes and behavioral toward the use of solar energy in Yemen power
sector,’’ Renew. Sustain. Energy Rev., vol. 60, pp. 498–515, Jul. 2016.

VOLUME 9, 2021 79291



A. Q. Al-Shetwi et al.: Utilization of Renewable Energy for Power Sector

[43] A. M. Al-Ashwal, ‘‘Energy efficiency and conservation indicators in
yemen,’’ Future Cities Environ., vol. 2, p. 3, Apr. 2016.

[44] K. N. Nwaigwe, P. Mutabilwa, and E. Dintwa, ‘‘An overview of solar
power (PV systems) integration into electricity grids,’’ Mater. Sci. Energy
Technol., vol. 2, no. 3, pp. 629–633, Dec. 2019.

[45] M. Jahangiri, R. Ghaderi, A. Haghani, and O. Nematollahi, ‘‘Finding the
best locations for establishment of solar-wind power stations in middle-
east using GIS: A review,’’Renew. Sustain. Energy Rev., vol. 66, pp. 38–52,
Dec. 2016.

[46] M. A. Al-Ashwal, ‘‘All renewable energy applications in Yemen are best
practice,’’ ISESCO Sci. Technol. Vis., vol. 1, pp. 45–50, May 2005.

[47] O. Hiel, ‘‘Renewable energy resource assessment (renewable energy strat-
egy and action plan),’’ Minesty Electr. Energy Yemen, vol. 1, pp. 1–138,
Aug. 2006.

[48] M. H. Al-Buhairi and A. Al-Haydari, ‘‘Monthly and seasonal investigation
of wind characteristics and assessment of wind energy potential in Al-
Mokha, Yemen,’’ Energy Power Eng., vol. 4, no. 3, pp. 125–131, 2012.

[49] H. A.-S. Mohammed and A.-S. Rami, ‘‘The current situation and future
prospects of the energy sector in Yemen ministry of electricity & energy,’’
in Korea–Yemen Energy Forum. Sana’a, Yemen, 2014.

[50] A. Minissale, O. Vaselli, M. Mattash, G. Montegrossi, F. Tassi,
A. Ad-Dukhain, U. Kalberkamp, A. Al-Sabri, and T. Al-Kohlani,
‘‘Geothermal prospecting by geochemical methods in the Quaternary vol-
canic province of Dhamar (central Yemen),’’ J. Volcanol. Geothermal Res.,
vol. 249, pp. 95–108, Jan. 2013.

[51] M. E. H. Assad, M. AlShabi, A. Sahlolbei, A. Hmida, and B. Khuwaileh,
‘‘Geothermal energy use in seawater desalination,’’ in Energy Har-
vesting and Storage: Materials, Devices, and Applications X. 2020,
Art. no. 1138716, doi: 10.1117/12.2566527.

[52] A.Manzella, D. Serra, G. Cesari, E. Bargiacchi,M. Cei, P. Cerutti, P. Conti,
G. Giudetti, M. Lupi, and M. Vaccaro, ‘‘Geothermal energy use, country
update for Italy,’’ in Proc. Eur. Geothermal Congr., 2019, pp. 1–19.

[53] M. L. Parisi, N. Ferrara, L. Torsello, and R. Basosi, ‘‘Life cycle assessment
of atmospheric emission profiles of the Italian geothermal power plants,’’
J. Cleaner Prod., vol. 234, pp. 881–894, Oct. 2019.

[54] A Al-Sabri, T Al-Kohlani, M Al-Nethary, A. Sharian, A. Al-Dukhain,
A. Al-Hosam, M. Al-Hosam, and M. Sultan, ‘‘Geothermal exploration in
some interest geothermal area in republic of Yemen,’’ in Proc. IOP Conf.,
Earth Environ. Sci., 2019, Art. no. 012003.

[55] A. C. Millington and M. Crosetti, ‘‘Rapid appraisal of biomass resources:
A case study of Northern Yemen,’’ Biomass Bioenergy, vol. 3, no. 2,
pp. 93–104, Jan. 1992.

[56] M. A. Hannan, R. A. Begum, A. Q. Al-Shetwi, P. J. Ker, M. A. Al Mamun,
A. Hussain, H. Basri, and T. M. I. Mahlia, ‘‘Waste collection route opti-
misation model for linking cost saving and emission reduction to achieve
sustainable development goals,’’ Sustain. Cities Soc., vol. 62, Nov. 2020,
Art. no. 102393.

[57] B. Zabara and A. A. Ahmad, ‘‘Biomass waste in Yemen: Management and
challenges,’’ inWaste Management in MENA Regions. Cham, Switzerland:
Springer, 2020, pp. 313–336.

[58] M. H. H. Abdelhafez, M. Touahmia, E. Noaime, G. A. Albaqawy,
K. Elkhayat, B. Achour, and M. Boukendakdji, ‘‘Integrating solar pho-
tovoltaics in residential buildings: Towards zero energy buildings in Hail
City, KSA,’’ Sustainability, vol. 13, p. 1845, Jan. 2021.

[59] H. M. S. Al-Maamary, H. A. Kazem, and M. T. Chaichan, ‘‘Renewable
energy and GCC states energy challenges in the 21st century: A review,’’
Int. J. Comput. Appl. Sci., vol. 2, no. 1, pp. 11–18, Feb. 2017.

[60] F. R. Alharbi and D. Csala, ‘‘Gulf cooperation council countries’ climate
change mitigation challenges and exploration of solar and wind energy
resource potential,’’ Appl. Sci., vol. 11, no. 6, p. 2648, Mar. 2021.

[61] R. Martis, A. Al-Othman, M. Tawalbeh, and M. Alkasrawi, ‘‘Energy and
economic analysis of date palm biomass feedstock for biofuel production
in UAE: Pyrolysis, gasification and fermentation,’’ Energies, vol. 13,
no. 22, p. 5877, Nov. 2020.

[62] T. Umar, C. Egbu, G. Ofori, M. S. Honnurvali, M. Saidani, and A. Opoku,
‘‘Challenges towards renewable energy: An exploratory study from the ara-
bian gulf region,’’ Proc. Inst. Civil Eng. Energy, vol. 173, no. 2, pp. 68–80,
May 2020.

[63] Y. Al-Douri, S. A. Waheeb, and C. H. Voon, ‘‘Review of the renewable
energy outlook in Saudi Arabia,’’ J. Renew. Sustain. Energy, vol. 11, no. 1,
Jan. 2019, Art. no. 015906.

[64] Regional Center for Renewable Energy and Energy Efficiency (RCREEE).
(Sep. 7, 2017). Assessment of the Status of Solar PV in Yemen. [Online].
Available: https://www.rcreee.org/

[65] The World Bank. (Feb. 7, 2018). Yemen Emergency Electricity Access
Project (P163777). [Online]. Available: https://projects.worldbank.org/en/
projects-operations/project-detail/P163777

[66] A. A. M. H. A. Asbahi, Z. G. Fang, Z. A. Chandio, M. K. Tunio, J. Ahmed,
and M. Abbas, ‘‘Assessing barriers and solutions for Yemen energy crisis
to adopt green and sustainable practices: A fuzzy multi-criteria analysis,’’
Environ. Sci. Pollut. Res., vol. 27, no. 29, pp. 1–17, 2020.

[67] A. Aghahosseini, D. Bogdanov, and C. Breyer, ‘‘The MENA super grid
towards 100% renewable energy power supply by 2030,’’ in Proc. 11th
Int. Energy Conf., Tehran, Iran, 2016, pp. 30–31.

[68] T. A. M. Al-Kohlani, ‘‘Geochemistry of thermal waters from Al-Lisi-Isbil
geothermal field, Dhamar governorate, Yemen,’’ United Nations Univ.,
Geothermal Training Programme, Geothermal Training Iceland, Tokyo,
Japan, Tech. Rep. UNU-GTP-2008-10, 2008, pp. 53–76, vol. 10.

[69] C. T. Sufian andM. Barra, ‘‘Energy investment and business climate report
for observer countries,’’ Energy Charter Secretariat, Brussels, Belgium,
2017.

[70] I. C. Change, ‘‘Land: An IPCC special report on climate change, desertifi-
cation, land degradation, sustainable land management, food security, and
greenhouse gas fluxes in terrestrial ecosystems. 2019,’’ in Proc. Approved
Summary Policymakers (SPM) Conf., 2019, pp. 1–40.

[71] J. Barroco andM. Herrera, ‘‘Clearing barriers to project finance for renew-
able energy in developing countries: A philippines case study,’’ Energy
Policy, vol. 135, Dec. 2019, Art. no. 111008.

[72] P. Alstone, D. Gershenson, and D. M. Kammen, ‘‘Decentralized energy
systems for clean electricity access,’’Nature Climate Change, vol. 5, no. 4,
pp. 305–314, Apr. 2015.

[73] A. A. Alkahtani, S. T. Y. Alfalahi, A. A. Athamneh, A. Q. Al-Shetwi,
M. B. Mansor, M. A. Hannan, and V. G. Agelidis, ‘‘Power quality in
microgrids including supraharmonics: Issues, standards, and mitigations,’’
IEEE Access, vol. 8, pp. 127104–127122, 2020.

[74] M. F. Roslan, M. A. Hannan, P. J. Ker, and M. N. Uddin, ‘‘Microgrid
control methods toward achieving sustainable energy management,’’ Appl.
Energy, vol. 240, pp. 583–607, Apr. 2019.

[75] M. A. Hannan, S. Y. Tan, A. Q. Al-Shetwi, K. P. Jern, and R. A. Begum,
‘‘Optimized controller for renewable energy sources integration into
microgrid: Functions, constraints and suggestions,’’ J. Cleaner Prod.,
vol. 256, May 2020, Art. no. 120419.

[76] Seetharaman, K. Moorthy, N. Patwa, Saravanan, and Y. Gupta, ‘‘Break-
ing barriers in deployment of renewable energy,’’ Heliyon, vol. 5, no. 1,
Jan. 2019, Art. no. e01166.

[77] M. A. Hannan, Z. A. Ghani, M. M. Hoque, P. J. Ker, A. Hussain,
and A. Mohamed, ‘‘Fuzzy logic inverter controller in photovoltaic
applications: Issues and recommendations,’’ IEEE Access, vol. 7,
pp. 24934–24955, 2019.

[78] S. Nasirov, C. Silva, and C. Agostini, ‘‘Investors’ perspectives on barriers
to the deployment of renewable energy sources in chile,’’ Energies, vol. 8,
no. 5, pp. 3794–3814, Apr. 2015.

[79] H. Zsiborács, N. H. Baranyai, A. Vincze, L. Zentkó, Z. Birkner, K. Máté,
and G. Pintér, ‘‘Intermittent renewable energy sources: The role of energy
storage in the European power system of 2040,’’ Electronics, vol. 8, no. 7,
p. 729, Jun. 2019.

[80] D. N. T. How, M. A. Hannan, M. S. H. Lipu, and P. J. Ker, ‘‘State of charge
estimation for lithium-ion batteries using model-based and data-driven
methods: A review,’’ IEEE Access, vol. 7, pp. 136116–136136, 2019.

[81] M. A. Hannan,M. Faisal, P. J. Ker, R. A. Begum, Z. Y. Dong, and C. Zhang,
‘‘Review of optimal methods and algorithms for sizing energy storage
systems to achieve decarbonization in microgrid applications,’’ Renew.
Sustain. Energy Rev., vol. 131, Oct. 2020, Art. no. 110022.

[82] M. A. Hannan, M. S. H. Lipu, A. Hussain, P. J. Ker, T. M. I. Mahlia,
M. Mansor, A. Ayob, M. H. Saad, and Z. Y. Dong, ‘‘Toward enhanced
state of charge estimation of lithium-ion batteries using optimized machine
learning techniques,’’ Sci. Rep., vol. 10, no. 1, pp. 1–15, Dec. 2020.

[83] A. Q. Al-Shetwi, M. A. Hannan, K. P. Jern, M. Mansur, and
T. M. I. Mahlia, ‘‘Grid-connected renewable energy sources: Review of the
recent integration requirements and control methods,’’ J. Cleaner Prod.,
vol. 253, Apr. 2020, Art. no. 119831.

[84] Z. Yi, Z. Xin-Gang, Z. Yu-Zhuo, and Z. Ying, ‘‘From feed-in tariff to
renewable portfolio standards: An evolutionary game theory perspective,’’
J. Cleaner Prod., vol. 213, pp. 1274–1289, Mar. 2019.

[85] S. A. A. Shah and Y. A. Solangi, ‘‘A sustainable solution for electricity
crisis in pakistan: Opportunities, barriers, and policy implications for
100% renewable energy,’’ Environ. Sci. Pollut. Res., vol. 26, no. 29,
pp. 29687–29703, Oct. 2019.

[86] O. A. Al-Shahri, F. B. Ismail, M. A. Hannan, M. S. H. Lipu,
A. Q. Al-Shetwi, R. A. Begum,N. F. O. Al-Muhsen, and E. Soujeri, ‘‘Solar
photovoltaic energy optimization methods, challenges and issues: A com-
prehensive review,’’ J. Cleaner Prod., vol. 284, Feb. 2021, Art. no. 125465.

79292 VOLUME 9, 2021

http://dx.doi.org/10.1117/12.2566527

