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Abstract: This critical review report highlights the enormous potentiality and availability of renew-

able energy sources in the Gulf region. The earth suffers from extreme air pollution, climate changes,

and extreme problems due to the enormous usage of underground carbon resources applications

materialized in industrial, transport, and domestic sectors. The countries under Gulf Cooperation

Council, i.e., Bahrain, Kuwait, Oman, Qatar, Saudi Arabia, and the United Arab Emirates, mainly

explore those underground carbon resources for crude oil extraction and natural gas production. As

a nonrenewable resource, these are bound to be exhausted in the near future. Hence, this review

discusses the importance and feasibility of renewable sources in the Gulf region to persuade the sci-

entific community to launch and explore renewable sources to obtain the maximum benefit in electric

power generation. In most parts of the Gulf region, solar and wind energy sources are abundantly

available. However, attempts to harness those resources are very limited. Furthermore, in this review

report, innovative areas of advanced research (such as bioenergy, biomass) were proposed for the

Gulf region to extract those resources at a higher magnitude to generate surplus power generation.

Overall, this report clearly depicts the current scenario, current power demand, currently installed

capacities, and the future strategies of power production from renewable power sources (viz., solar,

wind, tidal, biomass, and bioenergy) in each and every part of the Gulf region.

Keywords: renewable energy; bioenergy; biomass; solar energy; wind energy; Gulf Cooperation

Council

1. Introduction

The scientific community and environmental professionals currently face the twin
crises of declining fossil fuels and environmental degradation in the global renewable
energy scenario. Indiscriminate mining and the lavish use of fossil fuels have contributed
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to a decline in underground carbon resources to produce energy for human needs around
the world [1–4]. It is well known that fossil fuels are extracted by a simple natural process
produced by the anaerobic decomposition of organisms that have been buried millions of
years ago. Fossil fuel basically comprises majorly carbon (which involves coal, petroleum,
and natural gas). In 2019, around 84% of global primary energy came from coal, oil, and
gas [5]. Humans use these as an energy source, and some fossil by-products are also
used for plastics production, rubber, pesticides, fertilizers, chemicals, solvents, etc. The
existing energy landscape has stimulated the active research interest in nonpetroleum,
renewable, and ecofriendly fuels in renewable research to support the human race and
safeguard the global environment [6–8]. Oil reserves around the world are limited and
are expected to decrease in the coming years due to the exorbitant use in all sectors.
Over the past few decades, the tremendous growth of the human population, increased
technological maturity, exorbitant industrialization, and living standards have contributed
to this enigmatic situation in the field of energy supply and demand [9–11]. Due to the
reasons mentioned above, the prices of petroleum products (such as crude oil, gasoline,
diesel, kerosene, natural gas, etc.) keep rising day by day [12,13].

The Gulf Cooperation Council (GCC) controls almost one-third of proven worldwide
crude oil reserves and one-fifth of global gas reserves [14]. The GCC produces about 30% of
the world’s proven crude oil reserves and 22% of its known gas reserves. Saudi Arabia has
266 billion barrels of oil reserves, second only to Venezuela, and may continue to produce
at current rates for another 60 years [15]. Saudi Arabia also has the world’s sixth-biggest
natural gas reserves, the second-largest in the area after Qatar, which has estimated proven
gas reserves of approximately 24.9 billion cubic meters, making it the world’s third-largest
holder of reserves after Russia and Iran.

The region’s energy generation increased from 51 TWh (Terra Watt-hour) in 1990 to
almost 536 TWh in 2015. The power usage per capita in the GCC nations is regarded as
one of the highest energy consumption rates per capita, ranging from 5340 to 17,610 kWh
in 2010, compared to the global average of 2728 and the Middle East average of 3378 kWh.
Economic development and major industrial projects boosted immigration rates in this
area, leading population growth to accelerate. Between 2005 and 2009, the rate of increase
in electricity consumption was 8.87% among the GCC countries. The per capita usage of
electricity was 11,362 kWh in 2009, 3.9 times the world per capita, 0.8 times the US per
capita, 4.2 times per capita in China, and 1.7 times the per capita consumption in the EU [16].
The GCC countries are expected to increase per capita energy consumption by an annual
rate of 2.5% throughout the 2007–2035 timeframe. The electrical energy consumption in
the GCC is expected to reach about 2000 TWh by 2040 [14]. The physical infrastructure and
size of the interconnections between GCC countries are presented in Figure 1.
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ř
Figure 1. Power grid interconnection in GCC countries [17]. Adapted with permission from Abdul

Waheed Bhutto, Aqeel Ahmed Bazmi, Gholamreza Zahedi, Jiří Jaromír Klemeš (2014). 2021 Elsevier.

The UAE is the leader among GCC countries with 134 MW, followed by Qatar with
41.2 MW in total renewable energy production through wind, photovoltaic, and concen-
trated solar power [18,19]. GCC countries are instilling renewable energy projects to meet
the 2030 targets. Installed renewable capacity in 2018 within Gulf countries is illustrated in
Table 1 [18].

Table 1. Installed renewable energy capacity in Gulf countries.

Country
Total Capacity

(MW) (2018)
Wind
(MW)

Solar (MW)

Bioenergy
(MW)Photovoltaic

(PV)

Concentrated
Solar Power

(CSP)

UAE 596 2 494 100 –

Oman 8 – 8 – –

Qatar 43 – 5 – 38

Bahrain 6 1 5 – –

Kuwait 41 10 31 – –

Saudi Arabia 142 3 89 50 –

GCC countries have set renewable energy targets to mitigate the energy crisis. How-
ever, there is also a significant variance in the use of renewable energy technology. While
some nations have started to actively invest in renewable energy production, other—
ostensibly comparable—countries lag and remain trapped in the old fossil-fuel economic
paradigm. Very few studies have been conducted to explain this variance [18].

Saudi Arabia and Kuwait have focused on achieving 30% and 15% of electricity
produced from renewable energy resources by 2030. The UAE plans to meet 44% of
its energy demand from renewable energy resources by 2050. Oman and Bahrain aim
to achieve 10% and 5% of electricity production through renewables by 2025 [18]. The
proposed renewable energy projects in Gulf countries are illustrated in Table 2.
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Table 2. Projected renewable capacity (MW) in Gulf countries by 2030 [18].

Country

Solar

Wind
MW

Bioenergy
MW

Total
MW

Concentrated
Solar Power (CSP)

MW

Utility PV
MW

Building Integrated
Photovoltaics (BIPV)

MW

UAE 6000 18,900 4200 300 600 30,000

Bahrain 70 520 70 20 20 700

Saudi Arabia 9500 10,500 750 3500 750 25,000

Kuwait 1000 5800 1000 200 – 8000

Qatar 600 2250 150 – 100 3100

Oman 770 2420 990 1210 110 5500

Over the years, environmental pollutant issues have been increasing ominously in
the world [20,21]. Renewable energy scientists and practitioners have attempted to exploit
the different forms of renewable energy sources to produce energy for human needs
and satisfaction [22,23]. Various types of renewable energy sources (such as solar power,
wind power, hydroelectric power, geothermal power, tidal power, biomass, biological
waste power, bioenergy, etc.) are considered to be the possible solutions for catering to
human needs in this region. Recently, bioenergy in bioelectrochemical systems (BESs) has
gained extensive interest due to its crucial sustainable and renewable characteristics [24].
Preliminary research in the area of bioenergy has been initiated in the Gulf region [25].
Researchers have reported that bioenergy has huge potential to develop power in the
Gulf region. In this regard, most of the GCC countries (viz., Bahrain, Kuwait, Oman,
Qatar, Saudi Arabia, and the United Arab Emirates) are putting their maximum efforts and
dedication to harness the aforementioned renewable sources to generate electric power for
all industrial sectors. In this context, in this study, most of the renewable energy sources
which are tangibly available in the developing Gulf countries are critically noted and
elaborated in the ensuing sections.

2. Bioenergy Generation through Bioelectrochemical Systems in GCC Regions

Bioelectrochemical systems (BESs) are becoming some of the most promising technolo-
gies to produce renewable energy from waste [26]. Over the past decades, BESs have gained
substantial interest due to their inherent sustainability and renewable characteristic [24]. BESs
are devices that use electrochemically active microorganisms to catalyze electrochemical
reactions to produce bioenergy in various types by using organic matter inside wastes [27].
Various BESs have been discovered so far, which are different in applications and details of
oxidation/reduction reactions [28]. However, they are all in common in terms of efficient gen-
eration of current from available feedstock to fuel their nominated applications [29]. Based on
the application, BESs can be classified as microbial fuel cells (MFCs) to produce bioelectricity
(Figure 2a), microbial electrolysis cells (MECs) to produce hydrogen (Figure 2b), microbial
desalination cell (MDC) to desalinate sea/brackish water (Figure 2c), and microbial solar
cells (MSCs) to produce electricity/chemicals (Figure 2d) [24,30,31]. Cong-Long Nguyen
et al. [32] proposed a power management system adapted for operating bioelectrochemical
systems with complex nonlinear dynamics to obtain power conversion efficiency up to 85%.
Electrical efficiency ranged between 127.1% and 155.2%, with a blend of acetate and phenol
(phe/ace) fed MECs producing the highest and bio-oil aqueous phase from red oak (ROBOAP)
fed MECs producing the lowest electrical efficiency [33]. Most MDC studies have reported
desalination efficiencies of at least 50% [34].
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Figure 2. Overview of bioelectrochemical reactions in (a) microbial fuel cell (MFC), (b) microbial

electrolysis cell (MEC), (c) microbial desalination cell (MDC), and (d) microbial solar cell (MSC).

Despite the high interest and attention toward BESs due to their green, environmen-
tally friendly, and cost-effective nature globally, Oman is still in the early stage of the
journey. Here in this section, we describe the principles of MFCs, MECs, MDCs, and MSCs
as the technologies that can be applied in the GCC region, particularly in Oman, and
discuss their tentative applications.

2.1. Microbial Fuel Cells

Among the BESs, MFC is the oldest-known type. The historical review of MFC
discovery shows enormous efforts by different scientists in the 18th, 19th, and 20th cen-
turies [35,36]. Nonetheless, the present MFCs which apply a direct electron transfer mecha-
nism to produce electricity are innovated by Kim et al. [37,38]. A typical two-chamber MFC
is composed of anode and cathode chambers which are separated by a proton-/cation-
exchange membrane. An anode chamber contains a conductive electrode (anode), biofilm
(biocatalyst), and an electrolyte which is wastewater. The cathode chamber contains a
conductive electrode (cathode), catalyst (bio or abio type), electrolyte, and final electron
acceptor (air normally) [39,40]. In an anode chamber, exoelectrogenic microorganisms
catalyze the oxidation of organic matters present in wastewater to produce protons, elec-
trons, and CO2 (anodic oxidation reaction). Further, oxygen reduction reaction on the
cathode results in bioelectricity generation, while water forms as the final product (ca-
thodic reduction) [41,42]. There has been extensive research carried out on the factors
affecting MFC performance in the recent decade owing to the green nature of the technol-
ogy. This includes materials (electrode, catalysts, and membrane), operation conditions
(temperature, pH, substrate type and concentration, flow rate, etc.), operation mode (batch,
semi-batch, recirculation, continuous), and configuration (single chamber, dual chamber,
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stacked, etc.). Moreover, the applications of this sustainable and ecofriendly technology
are expanding in line with its development: bioenergy generation, wastewater treatment,
and biosensors [43,44]. Oman is an arid country with a dispersed population. Hence,
MFC can be considered a decentralized wastewater treatment system, while producing
bioelectricity for areas with difficulties connecting to the municipal sewage treatment
system [45,46]. Hsu et al. [47] reported an average of 93% COD removal in an energy-
neutral MFC configuration on a pilot scale. Moreover, Castro et al. [48] reported compost
production as a product of wastewater degradation in MFCs as a decentralized sanitation
system. It is worth noting that anodic and cathodic microorganisms, such as self-sustained
biocatalysts, could successfully treat organic matters and ammonium present in the waste,
respectively, while producing bioelectricity. The feasibility of treating raw waste produced
from a house of five inhabitants by MFC-based wastewater pilot plant with no external
energy use was investigated in another study. The results were promising in terms of
the quality of the treated effluent, which could successfully comply with the maximum
national standards [49]. Additionally, it was shown that the temperature could strongly
affect various variables, such as wastewater conductivity, activation energy, charge transfer
rates, electrochemical reactions, etc. [50]. Hence, considering MFC as a decentralized
wastewater plant running at an ambient temperature, the change of temperature over a
day and seasons plays an important role in MFC performance. The temperature profile
of the GCC could improve the performance of the MFCs since the optimal temperature
of 30–40 ◦C is reported to favor MFC performance [51]. Heidrich et al. [52] showed the
sensitivity of power generation in MFCs to temperature change. A cold temperature was
found to decrease power generation in MFCs [52]. Li et al. [53] reported a 199% increase in
power generation when the temperature of MFC increased from 10 to 37 ◦C. However, the
results of the existing studies for higher temperature range (40 ◦C) are not totally applicable
to the GCC region, since the biofilm developed in those MFCs is established in the ambient
temperature of 25 ◦C, which is not the case in Oman. Further studies on the effect of
temperature on the performance of MFC as a decentralized wastewater treatment plant by
considering the temperature profile in Oman using the local micrograms adapted to this
temperature profile are extremely needed.

2.2. Microbial Electrolysis Cell

Microbial electrolysis cells (MECs) are the second known BESs that share similarities in
the anodic oxidation with MFC. However, the cathodic reduction reaction of MEC results in
hydrogen production. Although this process is not thermodynamically viable, low energy
(<0.2 V) is needed to supply the energy required for H2 generation in MECs [54]. The
energy can be supplied by integrating the MEC with an MFC or by any renewable source.
The hydrogen produced in MECs can be used in other technologies for further applications,
e.g., fuel cells. Solar energy can be one of the promising renewable technology to supply
the energy required in MECs, considering the generous amount of sunlight in the GCC.

2.3. Microbial Desalination Cell

With two-thirds of the world population under water scarcity threat, seawater de-
salination has become an inevitable approach to supplying humans with potable water
for domestic purposes, i.e., drinking, irrigation, industrial development, etc. The Middle
East, with 2.9% of the world population, possesses 50% of the global seawater desalination
production capacity [55]. Currently, thermal and membrane-based methods are the two
major commercial types of desalination technologies used in the world [56]. However, both
technologies raise environmental concerns: high energy consumption of thermal-based
technologies and discharge of concentrated brine back to the environment in the membrane-
based desalination technique [57]. Microbial desalination cell is a solution to the issues
raised by the conventional desalination systems. MDC is a modified version of an MFC
with a central desalination cell that is separated from the anodes by an anion exchange
membrane and the cathodes by a cation-exchange membrane. In fact, the electricity gener-



Sustainability 2021, 13, 10261 7 of 29

ated through oxidation of waste on anode and reduction of air on the cathode drives the
desalination process. Jafary et al. [58] reported a promising desalination rate of seawater
from Oman sea in an MDC with a self-controlled pH mechanism by using the energy stored
in the municipal wastewater in the anodes. The group later increased the desalination
rate and enhanced power recovery from the wastewater in a novel five-chamber MDC
by significantly reducing the internal resistance of the system. They have suggested the
internal resistance of the MDC as the limiting factor of desalination rate [25]. MDC still
suffers from a low desalination rate due to the slow biological electrochemical reactions.
Further improvement on the system could make the technology ready for real application
as a standalone desalination technology or to be integrated with RO systems to optimize
the efficiency of both technologies with a less negative impact on the environments. From
a technology perspective, the decentralized MFC wastewater treatment plant proposed in
Section 2.1 can be converted into a decentralized desalination and wastewater treatment
plant in an MDC system running with household wastewater as shown in Figure 3. The
small plant provides the opportunity for value-added products’ recovery from wastewater
and salt water, e.g., compost, alkaline.

 

Figure 3. A schematic of the MDC-MFC integrated decentralized plant for wastewater treatment, sea/brackish water

desalination, and value-added products recovery (e.g., alkaline and bioenergy).

2.4. Microbial Solar Cells

Microbial solar cells are the self-sustained version of MFCs in which photosynthetic
microorganisms utilize CO2 from the atmosphere and energy from the sun to produce bio-
electricity and chemicals [59]. In other words, MSCs do not need additional organic matters
as they generate their own fuel/oxidant [60]. Based on the ways solar energy is captured
and the organic matter transfers, MSCs fall into four categories: MSCs with phototrophic
biofilms, MSCs with photobioreactors, and MSCs integrated with marine ecosystem plant
MFCs (PMFCs) [31]. Solar energy can be directly converted to bioelectricity through
phototrophic biofilms enriched on the anode in MSCs with phototrophic biofilms [61].
Photobioreactor-type MSCs harvest solar energy using photosynthetic microorganisms [62].
PMFCs utilize plant roots to fuel anodic exeo-electrochemically active bacteria by excreting
rhizo deposits. Current improvement in design, electrodes, and membrane increased the
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electrical performance of PMFCs to 679 mW/m2. Rather than bioelectricity generation,
wastewater treatment, biosensing, remediation of polluted sediment, and greenhouse gas
mitigation are among the main applications of PMFCs, which are discussed in detail by
Kabutey et al. [63]. No specific research in this field has been reported in the Gulf region so
far. Nevertheless, this technology has the potential to be implemented in the GCC due to
the available solar energy and costal marine ecosystem resources. The complete details of
bioenergy research are listed in Table 3.

Table 3. The performance of bioelectrochemical systems in terms of power output, advantages, disadvantages, and the

technology development status.

Raw
Resources

Harvesting
Technology

Output

Technology
Development Status

(Lab/Small/Pilot/
Industrial Scale)

Energy Output Advantages Disadvantages References

Wastewater,
organic
matters,

plants, etc.

MFC Bioelectricity Pilot scale 50 W/m3 a

Low activated sludge
generation, wide

operating range for
pH, temperature, and
biomass, no harmful

environmental
impact

Low power output,
high capital cost for

membrane and
electrode, membrane
and electrode fouling

[44,64,65]

MEC
Hydrogen,
methane

Pilot scale 17.8 LH2/d/m2 b

Low activated sludge
generation, High
theoretical energy
and thermal yield,

self-sustainable, low
equilibrium cell

voltage, a wide range
of feedstock

Impurity of product,
low production rate,
High capital cost for

membrane and
electrode, membrane
and electrode fouling

[66]

MDC
Bioelectricity

and
desalination

Small scale 82.6 W/m3 a

Low activated sludge
generation, an

ecofriendly
desalination

approach, no need for
energy or pressure

input

Membrane and
electrode fouling,

high material cost, no
real-scale database,

low desalination rate

[67,68]

MSC
Bioelectricity

and
chemicals

Small scale 277 W/m3 a

CO2 neutral,
self-sustainable,

high-value products,
aquaculture and

animal feed
production

High material cost,
long-term operation
stability challenge,
not applicable in

areas with low sun
exposure, low power

output

[69–71]

a wind speed; b wind density.

3. Biomass Energy Potential in the GCC Region

Biomass comprises biological materials which are obtained from living or recently
living organisms. It is not only taking plant-based products into consideration but also
animal and vegetable products. The different types of materials which can be a vital
source of biomass include, viz., agricultural residues, animal wastes, industrial waste, and
coproducts. The chemical composition of biomass is carbon, which plants absorb from the
atmosphere as CO2 and mixtures of organic molecules (such as hydrogen, oxygen, nitrogen,
and small quantities of alkali, alkaline, and heavy earth metals) [72–76]. The biomass sector
has the potential to expand without harmful effects on food supplies and the environment if
conducted in a sustainable manner [77]. However, the power generation from the biomass
sectors in the GCC is limited in magnitude. Municipal waste is identified to be a leading
bioenergy prospect, with a cumulative 19.35 Mtpa of the resource being transferred to
landfill sites otherwise for energy usage across the GCC. According to research findings, up
to 22.5% of GCC’s electricity from bioenergy technologies could be supplied by indigenous
biomass sources. In total, 25.52 Mtpa of animal wastes and 1.68 Mtpa of residue crops
could also be used for bioenergy in GCC countries [78]. Bioenergy is considered to be a
lower potential renewable energy technology option within GCC countries. Solar energy is
a well-recognized renewable energy resource utilized due to weather conditions within
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GCC countries [79]. The majority of wastes are landfilled due to waste management that
can be utilized as a potential bioenergy resource. There are a few initiatives started in Saudi
Arabia and the UAE to convert waste into useful energy [80,81]. In Sharjah (UAE), sewage
sludge waste is used for the production of bioenergy [82], and in Ras Al Khaimah (UAE),
camel manure, along with wood waste, is utilized for the generation of bioenergy [83].
Available waste characteristics in GCC countries are shown in Table 4.

Table 4. Potential of waste material in GCC countries [78].

Waste per
Capita per Day

(kg)

Total Waste
Generated

(Mtpa)

Waste Processed
through Landfill

Management
Strategies

Organic Wastes
as a Proportion
of Total Wastes

UAE 1.6 12.3 71.0% 64.0%

Saudi Arabia 1.4 17.4 85.0% 77.5%

Bahrain 1.8 2.6 92.0% 71.9%

Oman 1.2 4.0 100% 49.0%

Kuwait 1.5 3.2 100% 67.0%

Qatar 1.3 11.4 93.0% 68.0%

Bioenergy and biomass potential in GCC countries are presented in Figure 4 and data
reported in Table 5. Biomass resource has different physical and chemical characteristics.
Bioenergy potential basically indicated the total production of bioelectricity that can be
generated from indigenous resources.

 

Figure 4. Potential of biomass resources for bioenergy generation [78].
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Table 5. Bioenergy potential and biomass resource potential in GCC countries [78].

Biomass Resource Potential (Mtpa) Bioenergy Potential
(PJelec)

Proportion of Overall
Electricity

Consumption (%)Animal Wastes Crop Residues Sewage MSW

UAE 4.24 0.30 0.15 3.46 50.71 11.0%

Qatar 1.39 0.47 0.04 0.68 16.40 9.9%

Oman 3.57 0.07 0.07 0.85 27.59 22.5%

Saudi Arabia 14.35 0.20 0.51 12.50 179.45 14.4%

Bahrain 0.27 0.01 0.02 0.68 6.59 6.3%

Kuwait 1.71 0.64 0.06 1.17 23.10 10.1%

Total 25.52 1.68 0.87 19.35 303.84 13.07%

Very limited research has been carried out in biomass power generation.
Researchers [77,84,85] have devised many efforts to transform bioresources to fuel oil
which can be used as a potential candidate for the sake of power generation. Basically,
the biomass resources should be converted into oil which should possess the adequate
properties before being put into use for electric power generation. Some research works
have been reported in the Sultanate of Oman in the biomass sector (particularly considering
date seeds as a major bioresource).

The majority of crop production in Oman in the last ten years shows an increase in
Perennial fodder crops such as Alfalfa, Rhodes grass, etc. In Oman, Data Palm constitutes
50% of the total agricultural area and 80% of all the fruit crops. It is considered the eighth
largest producer of dates in the world, with an average annual production of 260,000 MT
per annum [86]. The literature study reported by Yahyai and Khan [86] mentioned that
only half of the dates produced are used for human consumption, with the other half being
utilized primarily for animal feed or considered surplus and wasted. Thus, this opens an
opportunity to use the date palm seeds and leaves as a source of biomass for producing
various bioenergy products. Sait et al. [84] studied the kinetics of pyrolysis and combustion
process for date palm wastes using the thermogravimetric analysis (TGA). Their studies
showed that date palm seed and leaf are high-volatile-content biomass materials and
possess very high calorific value [84]. They reached the conclusion that a high degree of
reaction and conversion of date palm seed and leaves occurs at a temperature range of
250–400 ◦C in the thermos chemical process, and hence, it has a very good potential either
to be converted into biofuels or to be used as fuel. Joardder et al. [85] produced bio-oil and
activated carbon from date palm seeds in a fixed bed reactor using the pyrolysis technique.
Moreover, studies have shown that date seed can be used for extracting oil and can be
converted into biodiesel using the transesterification process and found to have properties
such as high cetane number (60.3), low iodine value (46), viscosity (3.84 mm2/s), and flash
point (140 ◦C) with a slight disadvantage of its high pouring point (−1 ◦C) which obstruct its
usage in the cold countries [87]. The biodiesel derived from this process has a high yield of
about 98%. The analysis of the fatty acid esters reveals that the date seed biodiesel possesses
similar properties to other vegetable-derived biodiesels and hence becomes a potential
source of raw material for biodiesel production. Further studies in this area have shown that
the conversion of date seed into pyrolysis oil by fixed bed pyrolysis reactor system yields
liquid fuel, char, and gas with a heating value of 28.64 MJ/kg when compared with other
pyrolysis oils as well as the direct burning of solid date seed wastes. Char generated from
wheat straw is a relevant energy usage alternative in current pulverized coal-fired facilities
such as cofiring fuel at low temperatures [88]. This method produces a maximum yield of
50 wt% of the dry biomass feedstock at the temperature range of 500 ◦C [85]. The analysis
of the oil leads to the result that the density, which is 1042.4 kg/m3 at 26 ◦C, the viscosity of
6.63 cSt at 26 ◦C, and the flash point is 126 ◦C, etc., are the favorable features for handling,
storage at normal temperature, and transportation. Since Oman has topographical, climatic
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conditions (18–45 ◦C throughout the year, (“Directorate General of Meteorology,” n.d.)),
which suits the properties of fuel oil properties derived from date seeds and hence becomes
a very good feedstock biomass waster for the biodiesel production. Another important
resource can be considered as the perennial forage crop such as Alfalfa which has seen
a drastic increase over the decade in sultanate mainly for cattle feed purposes. Alfalfa
(Medicago sativa L.) is an important forage crop with potential biofuel production, has
advantages of high yield and high lignocellulose concentration in stems, and has low
input costs. It is found that the biomass-type Alfalfa breed has good potential for ethanol
conversion and biofuels conversion studies shows that the efficiency of energy production
by alfalfa is 2–3 times better than corn grain or soybeans [89]. Animal waste, especially the
waste from meat and poultry, forms a huge potential biomass feedstock for converting it
into useful form of bioenergy. It is found that the annual meat consumption in Oman [90]
has undergone an increase of 30% over the last decade as shown in Figure 5.

−

 

Figure 5. Details of meat production [90].

Generally, biomass conversion technologies currently use various forms of physical,
thermal, biological, chemical, and a combination of these processes, which produces three
main pathways—physicochemical, biochemical, and thermochemical, which can lead to
high-value products [91,92]. Currently, the thermal recycling process (thermochemical
technologies) constitutes the main method of waste management from the meat and poultry
industries by incineration, torrefaction, hydrothermal conversion, pyrolysis, and gasifica-
tion process using fluidized or fixed bed reactors, etc. [26,93–96]. A study of the conversion
of poultry litters through hydrothermal carbonization and pyrolysis over a temperature
range between 250 and 500 ◦C was performed to produce biochar. The biochar produced
by the pyrolysis at lower temperatures as compared to hydrothermal carbonization yielded
greater energy due to the higher mass yield. Biochars obtained by both processes were
comparable to coal [97]. All these methods, depending upon the biomass feedstock and
its nature, produce heat, char, tar, and oil. The aqueous phase and gas are their primary
products, upgrading these leads to secondary products such as electricity, chemicals, and
biofuels. The wastewater treatment from these industries uses physiochemical methods
with recent technology emerging as the membrane technology, which uses the principle
of reverse osmosis (RO), nanofiltration (NF), ultrafiltration (UF), and microfiltration (MF),
thus facilitating the treatment of wastewater [98,99]. Biologically induced chemical trans-
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formation is taking place in three pathways: anaerobic digestion, aerobic digestion, and
ethanol fermentation [100,101]. Based on the nature of biomass, these methods can be
chosen for the primary products heat energy, compost, bioethanol, and methane which
can be possibly transformed into secondary products such as electricity, biofuels, and
bioproducts. In addition to the above two methods, Thran explored the physicochemical
conversion technologies for the production of biodiesel by the transesterification process
of the initially extracted lipids within a suitable biomass sample [102]. Using the various
emerging technologies within the fields mentioned above a conversion of biomass feedstock
in the form of date seed, Alfalfa perennial forage grass and the meat and poultry waste
conversion along with the industrial waste conversion using other potential technologies
can contribute to a sustainable and economic development of Oman in its strategic Vision
2040. Since enormous numbers of date palm trees are abundant in the GCC region, an
attempt for the conversion of bioresources is more evitable in the future. The complete
details of biomass energy scenario at the GCC are listed in Table 6.

Table 6. Biomass research scenario in the GCC.

Raw Resources
Harvesting
Technology

Output
Product

Technology
Development

(Lab/Small/Pilot
Scale)

Energy Output Advantages Limitations References

Date Palm- Seed,
Leaf, and Leaf

Stem

Pyrolysis and
thermal

degradation

Biofuel,
biochar Small scale

Calorific Value of
Date Seed

18.97 MJ/kg, Date
Leaf 17.9 MJ/kg, Date
Leaf stem 10.9 MJ/kg

High calorific value
as compared to

another biomass.
High energy

density and high
bulk density, low

pyrolysis
temperature in a

range of
200–300 ◦C, lower

residue after
thermal

degradation

The high moisture
content in the leaf

steam yields a
lower calorific

value as compared
to a seed. Date leaf
and leaf stem other

than date seed
need some

preprocessing cost
to remove the

moisture content.

[84,85]

Date Palm- Seed

Fixed Bed
Pyrolysis and

Transesterifica-
tion

Bio-oil, solid
char and

gas.
Small scale

Liquid
oil—28.636 MJ/kg

The liquid yield of
50 wt% is obtained

at a reactor bed
temperature of

500 ◦C.

Operating
temperature

specific. If the
temperature is

varied, the yield
and the product are

not yielded in an
optimum manner.

[87]

Date Seed Transesterification Bio diesel Small scale HHV: 39.55 MJ/kg

Biodiesel from the
date seed oil is high

cetane number
(60.3), low iodine

value (46), viscosity

(3.84 mm2/s) and
flash point (140 ◦C)

One main
disadvantage of its
high pouring point

(−1 ◦C), which
limits the use of

date seed biodiesel
in cold weather.

[87]

Meat and
Poultry Waste

Direct
combustion,

Thermal Waste
Recycling

System

Steam
Generation,

Mineral
fertilizer

Pilot-scale
1.1 kW/kg and 0.22

kg/kg of bone

The heat efficiency
of the entire system

was 58.1%, and
heat flux for the

steam generation
was 759.1 kW.

Better heat
recovery for steam

generation,
Reduction in

pollution, and
production of

mineral fertilizers
from the ashes after

the incarnation.

— [93]

4. Solar Energy Potential in the GCC Region

One of the largest sources of renewable energy on the earth is solar energy which
can be converted easily into electrical energy, cooling, or thermal energy with the aid of
solar energy harvesting technologies [103,104]. The most common solar technologies are
photovoltaic (PV) and concentrated solar power (CSP). In addition, the use of solar energy
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provides a positive impact on the environmental, economic, and political issues of the
world [105,106], because electricity or thermal energy generated via nonrenewable sources
(such as coal, gas, and burning of oil) will lead to global warming and environmental
pollutions. Whereas renewable energy via solar is available in a free and environmentally
friendly manner [107,108]. The Gulf region is located where the light and heat energy from
the sun is available for the whole year and for a long duration of about 9–11 h per day. In
the Gulf region, the average solar radiation with 80–90% clear skies is 6 kW/m2 daily. Solar
energy is the most suitable and recommended in the Gulf region and the GCC countries.
Each country has set its targets for the next two decades to increase its share of renewable
energy in its overall energy supply [109].

According to the current scenario, the GCC nations aim to use renewable energy with
their maximum efficiency. There are targets for the utilization of renewable energy from
2020 to 2030 that some researchers in Oman reported. It has been planned to utilize 10% of
its renewable energy by 2020 and in the near future. The main factors are their contribution
to cost competitiveness, economic diversification, and the region’s high potential for
renewable energy sources.

The study of the International Renewable Energy Agency [15] explains that solar PV
is now the cheapest way of electricity generation in new GCC projects, thus beating natural
gas, liquefied natural gas (LNG), oil, coal, or nuclear. Other reasons behind the decreasing
costs are the increasing familiarity with the technology and investments. Additionally, the
two largest renewable projects Miraah Solar (1021 MW), for enhanced oil recovery Ibri PV
Plant (500 MW), are under construction [110,111]. Saudi Arabia started to concentrate on
renewable energy especially solar energy, to minimize the risk of rising electricity prices.
Saudi Arabia started its plan in 2010 to achieve a target of 41 GW by 2032, and this target
is divided as 25 GW by concentrated solar power and 16 GW by photovoltaic technology.
Near the end of 2018, the government of Saudi Arabia gave the approval of small-scale
solar systems to motivate the implementation of solar energy and investment of about
$500–600 billion in renewable energy by 2030. Additionally, one renewable energy project
Sakaka Solar PV (300 MW) is also under construction [111]. The target of renewable energy
generation of Saudi Arabia in their first phase was 3.4 GW by 2020 and in the second
phase, 9.5 GW by 2023 [112]. The UAE aims to include about 7% of their renewable energy
with 7% reduction in CO2 emission up to 2020. Additionally, the two largest renewable
projects, Noor Abu Dhabi Solar PV (1200 MW) and Mohammed Bin Rashid Al Maktoum
Solar Park, in different phases, are under construction. In this project, Phase-I (13 MW),
Phase-II (200 MW), and Phase-III (800 MW) are completed, Phase-IV (1000 MW) is under
construction, and Phase-V (900 MW) is planned in the near future [112]. Qatar has set a
goal of meeting 2% of its solar electricity needs by 2020. The aim is to produce one-third
of its electricity from renewable energy by 2030, resulting in approximately 54,000 MW
of renewable energy installations. In the near future, the construction of Al-Kharsaah PV
(700 MW) will start. Kuwait aims to utilized 5% of its solar energy potential by 2020 [109],
and one announced project of Al Dibdibah/Shagaya Phase-II (1200 MW) photovoltaic was
suspended due to COVID-19 [111,113].

Among the Gulf countries, Oman receives the maximum solar insolation per year.
As reported by the Directorate General of Meteorology and Air Navigation, Oman, the
solar radiation (kWh/m2) per day for different cities of Oman were given as Khasab 6.09,
Salalah 6.06, Suwaiq 5.9, Fahud 5.69, Muscat 5.6, Seeb 5.6, Ibri 5.6, Sohar 5.43, Buraimi
5.38, and Sur 4.52 per day [105]. Due to the maximum duration of the sun all around the
year, there is a huge potential of harnessing solar energy to convert into electrical energy
by using photovoltaic (PV) and concentrated solar power (CSP) technologies [19]. Oman
has also set a target of producing between 9–12% of its electricity demand from renewable
energy sources. Different solar projects are in progress, such as (500 MW) Solar Power
Plant in Misfah will be ready at the end of 2021; (1000 MW) Solar Power Plant Manah will
be ready by 2025; (600 MW) Solar Power Plant Ibri, Al Dhahirah will be ready by 2022;
and (1200 MW) CSP Plant Duqm will be ready by 2023 (Alharbi and Csala, 2020). Qatar
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has set a goal of meeting 2% of its solar electricity needs. (800 MW) Solar Power Plant Al
Kharsaah, Doha and (700 MW) Al Kharsaah, Al Jumaliyah will be ready by 2022 [112].
The ultimate aim is to produce one-third of its electricity from renewable energy by 2030,
resulting in approximately 54,000 MW of renewable energy installations [114]. In the UAE,
Abu Dhabi intends to produce at least 7% of its energy power from renewables (along with
a 7% reduction in CO2 emissions) by 2020. Additionally, (1.2 GW) Adwea Sweihan Plant,
(5 GW) PV and CSP Power Plant Mohammed Bin Rashid Al Maktoum Park, (55 MW) Jabel
Ali Free Zone and Mina Rashid Port will be ready by 2030 and (200 MW) Ras Al Khaimah
project will be ready by 2025 [112]. In Bahrain, there is also a huge potential of solar energy
but as compared to other GCC countries. In their Energy Vision of 2030, Bahrain set a
target to generate 7% of their required energy by renewable energy. In this regard, the
National Oil and Gas Authority, Bahrain Petroleum Companies, and two US-based firms
made a joint venture in 2012 for the development of 5 MW solar PV project and 5 MW Petra
solar park completed in 2017. Additionally, they boosted PV panels for streetlights which
consist of 1.51 MW carports, 250 kW solar trees, and 48 kW street light poles. Additionally,
(100 MW) Askar Industrial Area Solar Plant, Bahrain, (5 MW) Solar Plant Awali, Central
Bahrain will be ready by 2025 [112]. Kuwait aims to increase solar energy conversion into
electrical energy from 1% to 15% between 2020 and 2030. Different projects such as solar
cooling projects, street lighting, traffic signals, and water distillation plants are included
in this project. Kuwaiti government signed a USD 385 million contract with a Spanish
company (TSK Group) to build a 50 MW solar energy project in the Kuwait region [114].
The most common solar technologies which are widely accepted in all the countries are
photovoltaic (PV) and concentrated solar power (CSP).

In photovoltaic (PV) technology, solar energy is directly converted into electrical
energy with the help of solar panels. In this technology, the conversion of solar energy
into electrical energy is due to the photovoltaic effect or photoelectric effect. The sunlight
(photon) hits the surface of semiconductor material and emits the electrons which derive
the current in the circuit. Basically, this photoelectric current is DC (direct current), which
can be used to operate DC-based electronic items and can be stored in batteries. This
DC current can also be converted into AC (alternating current) with the help of investors
to insert in power plants. Some PV technology-based projects are already available in
Gulf countries. In the UAE, solar system cells and Aviation Warning LED are installed
at Dubai International Airport (between Dubai and Oman traffic monitoring system)
by photovoltaic technology. In Saudi Arabia, two remote tunnels are equipped with a
speed radar camera, traffic monitoring system, and highway lighting system based on
PV technology. Additionally, Oman is also utilizing their potential for solar energy, and
in this regard, PV-based technologies projects are available in different places inside the
Sultanate of Oman. In these projects, LD repeaters are available in 27 different places inside
Oman, seismic equipment at 10 different places inside the country, water pumping system
in Haima, Maabar, and Wilayat, and remote electrification in Damanyat island and in
Iizki [109]. Photovoltaic technology is cheap and easy to install as well as environmentally
friendly. Thus, all Gulf countries, especially Oman, focused to utilize this clean and green
energy for their domestic and commercial use, but there are some limitations in these
technologies (such as fog during the winter season, dust accommodation, lack of rainfall,
and fog combining with dust particles). Mas’ud et al. [114] reported that it is very necessary
to clean the solar panels/plates to achieve maximum efficiency.

On the other hand, concentrated solar power (CSP) technology is utilized with the help
of mirrors and reflectors. The light energy is then converted into heat energy and steam
to run the turbines of AC or DC to produce electrical power at a small scale or large scale.
The advantage of CSP technology over PV is that with the help of a thermal energy storage
system, steam can be produced during cloudy weather or after sunset. According to the
“review of renewable energy and solar industry growth in the GCC region”, about 80–90%
of potable water comes from desalination. For each m3 of water production, the required
energy is about 5 kWh, and about 3 kg of carbon dioxide emits into the atmosphere [109].
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Most of the Gulf countries produce fresh water with the aid of solar techniques in this
prospects. Manawwar and Ghedira [109] reported that solar energy can be adopted or
utilized to produce fresh water through desalination techniques. In Gulf countries, some
existing and proposed desalination units, Bahrain produces 250 gallons of fresh water
by mobile solar desalination unit and requires 1.5 kW energy for this plant to run. In
Oman, besides desalination water plants, they developed a seawater greenhouse which
provides the sufficient temperature and environment for the growth of crops. Additionally,
Kuwait produces fresh water with the help of a multi-stage-flash desalination unit. The
Environment and Energy Research Institute (member of Qatar Foundation) and the Spanish
Research Centre for Energy, Environment, and Technology installed a 300 kW concentrated
solar power desalination project. In Qatar, additionally, another project under the name of
Qatar National Food Security Programme proposed to produce about 50 m3 fresh water
by the desalination plant for irrigation and agriculture. In solar desalination technologies,
Saudi Arabia leads among the Gulf countries. Their mega solar desalination projects are
located in Solar villages and Sadous, since 1990. In addition, by 2012 with the coordination
of researchers from King Abdul, Aziz City and IBM constructed a mega project which
produces 30,000 m3 of fresh water on a daily basis with the aid of ultrahigh concentrator
PV technology. In addition, Saudi Arabia plans to develop the desalination industry inside
the whole country. After Saudi Arabia, the UAE is the second-biggest desalination industry
in Gulf countries. With the help of each small-scale solar plant, they produce about 30 m3

fresh water per day. Till 2014, total 22 plants were installed, and 8 more were considered
additionally. Thus, by every single plant, they can produce 11,000 m3 fresh water per year.

Due to the maximum solar insolation in the GCC region, concentrated solar power
has been most focused on in Gulf countries. In this regard, Oman planned a project
of 600 million US dollars by using CSP technology in collaboration with Germany and
Switzerland to generate 200 MW electric power. In addition, in 2013, the UAE completed
a 100 MW solar electricity project by installing 768 parabolic mirrors accommodated
2.5 square kilometer area. The cost of this project was 600 million US dollars. This
project provides electric power to 62,000 houses. In addition, Kuwait planned a project
of 720 million US dollars in collaboration with Kuwait and Japan to produce 220 MW by
combined cycle and 60 MW by solar collectors. In addition, Petroleum Development Oman
also constructed a 7 MW solar steam generator of enhanced oil recovery to reduce the
consumption of gas. This project was completed in 2013, and an average of 50 tons of
steam is produced daily [109]. This Solar Thermal Enhanced Oil Recovery Project was the
first CSP plant in Oman that was used to extract 33,000 barrels of oil and can reduce 80%
of gas [105]. Interestingly, Burj Khalifa (Dubai iconic tower) is equipped with 378 solar
collectors to supply 140,000-L hot water per day. This technology saves about 3200 kW
of energy per day and cooling the potable water by using air conditioning condensate,
which is used for irrigation purposes for the tower’s landscape [109]. As discussed in CSP
technology, the advantage over PV is more due to the thermal energy storage system, which
can be utilized during the night or cloudy weather. In addition, this technology is the most
recommended for industrial and commercial level, but there are some disadvantages in this
technology as it needs a huge amount of water for cleaning the reflectors and solar panels to
increase the efficiency [105]. Since solar energy is more enhanced for producing electricity,
more efforts are needed to produce and increase the efficiency. The discussion of existing
and proposed projects in this review report is an indication toward the research projects
and utilization of solar energy potential in the Gulf region in their economic benefits and
clean and green environment. The complete details of solar research are listed in Table 7.
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Table 7. Solar energy research scenario in the GCC.

Raw Resources
Harvesting
Technology

Output
Product

Technology Development
Status

(Lab/Small/Pilot/Industrial
Scale)

Energy
Output

Advantages Disadvantages References

Solar Energy
Potential in GCC

Countries

Concentrated
Solar Power

(CSP)
Solar Electricity

Concentrated reflectors and
mirrors, Heat engines, and

electric generators
7–25%

More efficient compared to
photovoltaics. Less

maintenance is required
because solar energy is

converted into heat energy
first and running heat
engines and electric

generators.

Long time required to
convert water into steam.

Construction and
installation cost is very

large. Large space is
required for installation.

[105,109,114,115]

Photovoltaic (PV)
solar project

Solar Electricity
Solar panels or

semiconductors materials
15–22%

In photovoltaics, solar
energy is directly converted
into electrical energy. This

type of solar energy use
consists of a photon is the

emitting electron that drives
a DC current. This DC

current can be used directly
in some device or can be

converted into AC with the
help of investors to insert in

power plants.

Important to clean the
solar plates to obtain

maximum efficiency of
solar panels. Due to dust
particles, the efficiency of

solar panels is
decreasing. Efficiency is

depending upon the
intensity of light. Not

suitable for cloudy
weather and nighttime.

[105,109,114,115]
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5. Wind Energy Potential in the GCC Region

Wind energy is a very promising renewable energy source and is gaining widespread
global acceptance (due to its low production and operation) besides the convenient accessi-
bility to environment-friendly windmills, particularly in the Gulf region. It is estimated that
as of 2016, the international total cumulative installed wind energy electricity technology
amounted to 486,790 MW [116]. The GCC nations are the primary investors in renewable
energy in the Middle East. It is expected that new solar- and wind-generated electricity in
the GCC is expected to reach 10 GW by 2022 [16]. It is observed that the central region of
the Arabian Gulf has a higher annual average wind speed. It is approximately, ranging
from 6–8 m/s at 10 m elevation, 7–8 m/s at 30 m elevation, and 8–9 m/s at 50 m elevation.
It is clear the GCC international locations have reasonably exact offshore wind energy
possible, and there are inclinations to invest in commercial offshore wind farms [117]. In
the ensuing section, the detailed scenario of wind energy potentiality and current strategies
of each GCC are discussed exhaustively.

5.1. Recent Developments in Saudi Arabia

The Kingdom of Saudi Arabia (KSA) is one of the largest countries in the Gulf region.
It has many coastal areas where the possibility of generating wind power is at a maxi-
mum. The target of Saudi Arabia is energy generation from nonhydrocarbon resources,
which will contribute to 50% of total energy capacity by 2040 [118]. In the KSA, another
target was stated by Saudi Arabia’s vision 2030 of producing 9.5 GW/year of renewable
energy by 2023 [119]. The Saudi government is predicted to grant full help in the shape
of financial incentives for solar and wind electricity projects to raise renewable power
development [118].

Considering the important variable of wind speed, the Saudi Arabian Government
has found some places with the potentiality of wind power generation. The standard
values of wind velocity at 40 m in height at different five regions for half-hour intervals.
They noticed that the optimum wind speeds take place at Dhulum and Arar with 5.7 and
5.4 m/s, respectively. The wind speeds slightly decrease in Qassim and Yanbu to 4.3 and
4.9 m/s. The average wind speed at Dhahran after 6 months was 5.2 m/s. The mean power
density for Dhahran was observed to be 151 W/m2, Arar (182), Yanbu (142), Dhulum (176),
and Qassim (91), which are directly proportional to the wind speeds discussed [118]. The
most suitable locations for the construction of wind farms in Saudi Arabia are in the eastern
province, northern region, and northwestern borders region [119]. The wind speed used
to be observed to be higher in the western mountains and the northern region with an
accurate probability in overall performance in the southern area of Saudi Arabia [120].
Recently, some researchers devoted their efforts to questing the wind power capacity in
KSA by using simulation software. The recent simulated software used in Saudi Arabia to
measure the potential wind energy is Monte Carlo simulation (MCS) and Brownian motion
(BM) [121]. Both were used to predict the future conduct of solar and wind energy and
long-term temperature performance, primarily based on 69 years of daily historical data.
Furthermore, a multicriteria decision making (MCDM) tool was used for predicting the
suitable location for constructing wind farms based on the geographic information system
(GIS) and then applied to the entire Kingdom of Saudi Arabia [119]. They reported that the
center and southeast regions are unsuitable due to a lack of wind resources, population,
transportation, and electrical grid connection.

5.2. Recent Developments in Kuwait

Kuwait has a desert nature with major climate differences temperature that repre-
sented the following variation between 13 and 39 ◦C in January and July, respectively,
throughout the year [117]. Kuwait’s offshore wind power potential is found more com-
mercial because Kuwait is offshore environmental conditions are suitable. The optimum
wind power density at Beacon N6 580 Watt/m2 was observed in the summer, followed by
South Dolphin and Ahmadi oil pier 360 and 320 Watt/m2, respectively. The wind energy
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density at beacon M28 is the lowest at 140 Watt/m2 [117]. Furthermore, the intensity of
wind speeds reaches the peak during the summer in the Sea Island Buoy (Beacon SPM22).
Recently, the recorded high wind power density (WPD) during January, February, March,
October, and November, with values alternating from 278.6 and 402 W/m2 [117]. Currently,
researchers devised their ideas on finding the wind power capacity in Kuwait by utilizing
some simulation software. In order to forecast the potential wind energy at higher alti-
tudes, the Weibull distribution was generated and compared with the annual wind speed
frequencies [16].

5.3. Recent Developments in Qatar

The abundance of sunshine in Qatar has driven the use of solar energy. Thus, this is
the most popular renewable energy source in this region. A study into public awareness of
renewable energy in Qatar showed that 69.9% of the respondents preferred solar energy,
and only 3.3 percent picked wind, 0.8 percent chose wave, and 1.8 percent chose biomass,
while over 20 percent were undecided [122]. Between onshore and offshore wind energy
systems, offshore systems are more favorable in Qatar, as pointed out by some studies based
on the suitability of different wind turbine generators because the offshore average wind
speed exceeded 6.0 m/s [117,123]. A case study performed in Arabian Peninsula countries
showed that the entire cumulative capacity of offshore wind power contribution (from
high suitability regions alone) to these nations is projected to be about 35 GW for an 8 MW
turbine capacity. The findings also showed that offshore wind could provide approximately
25.7 percent of the Arabian Peninsula nations’ total power capacity in the same scenario.
Saudi Arabia has 17 GW of specific offshore wind capacity potential, Oman has 8 GW,
Kuwait has 4.9 GW, and Yemen has 4.8 GW, according to this research. Bahrain and Qatar
have 2.37 GW and 0.9 GW of offshore wind generating capacity, respectively [124]. Another
study analyzes the feasibility of a home-scale solar–wind system linked to the grid to
cogenerate 14 kWh of electricity and 85 kg/day of hydrogen every year using fuzzy MCDM
in Qatar [125]. A study was performed in Qatar by selecting five stations (AbuSamrah,
Ar-Ruways, Doha Intl Airport, Duhan, and Musayid) in Qatar, and 20 year average data
extracted from the NASA website [126] were analyzed, showing that the highest annual
average wind speed (4.10 m/s) is associated with Doha Intl Airport followed by (4.06, 3.82,
3.77, and 3.76 m/s) Ar-Ruways, Duhan, AbuSamrah, and Musayid, respectively [125].

5.4. Recent Developments in the UAE

In 2015, Dubai planned its Clean Energy Strategy for 2050, aiming to produce 7%,
25%, and 75% of renewable sources in 2020, 2030, and 2050, respectively. Solar projects are
the major source of renewable energy in the UAE, with the limitation being the used wind
power potential in the UAE because of unsuitable areas. Bachellerie et al. [127] reported
that the wind rate could not surpass 5 and 7.5 m/s onshore and offshore, respectively,
in the UAE. These values are among the lowest wind speed reported in the Gulf region.
On the other hand, the coastal areas of Oman and Saudi Arabia could record the highest
wind speed in that region. Therefore, the UAE invested in solar energy as one of the
most potential renewable sources, while Oman, Kuwait, and Saudi Arabia could harvest a
good portion of renewable energy share from wind sources [128]. Because of the limited
application of wind energy, a small wind turbine in Abu Dhabi with 850 kW was installed
in Sir Bani Yas Island [129].

5.5. Recent Developments in Bahrain

Bahrain has an abundance of wind and solar as major renewable sources. According
to IRENA, 2019, from the total energy production, 6 MW is extracted from renewable
sources, which targets 5% by 2025 and 10% by 2035. Furthermore, it shows that only a
small amount of Bahrain’s maritime area is suitable for offshore wind because it has a
limited land mass of 765 km2. That said, this quantity totals 407 km2, which provides
the sufficient space for the installation of 100 of turbines and 1.52 GW of wind capacity.
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This research fills a knowledge gap. No detailed studies of potential energy production
from offshore renewables were previously conducted for Bahrain. This work displays the
capability of offshore wind to contribute to Bahrain’s future renewable energy mix [130].
The major offshore wind capacity potential determined in this study in Saudi Arabia has
17 GW, followed by Oman with 8 GW and Kuwait with 4.9 GW. Bahrain and Qatar have
moderate offshore wind energy capacities of 2.37 and 0.9 GW, respectively. The lowest
potential is in the UAE [124]. The wind speed variation from one area to another is seasonal
or based on location. From the recent study, the monthly average wind speed exhibited
two maxima (within the months of July and March at a speed of 2 m/s). On the other hand,
the lowest was recorded within the month of November at a speed of less than 1 m/s. The
wind season extended from August to December, within which the characteristic speed
was from 1.18 to 1.4 m/s [131]. The average annual wind speed in Bahrain at 10 m height
is 4.8 m/s. The full load hours of wind annually are very low, which is not reproduced to
be an economically feasible wind energy potential [127].

Some companies in Bahrain invest in some public places for implemented renewable
energy sources projects just as the Bahrain Petroleum Company stated in the 100 MW
Bahrain PV Park in Askar Landfill. Moreover, the Bahrain Electricity and Water Authority
(EWA) planned to construct the Al Dur PV Plant and the Al Dur Wind Farm, with the
installed capacities of 3 and 2 MW, respectively. The prediction of wind energy potential
in Bahrain used a hybrid renewable energy system that utilizes both renewable sources,
solar, and wind. The analysis was performed by using the Boxe–Jenkins-based modeling
approach in analyzing and forecasting the daily averages of wind speed, solar irradiance,
ambient air temperature, and the PV module temperature [132].

5.6. Recent Developments in Oman

Different studies have been conducted within the coastal and southern parts of Oman
for assessing wind energy resources in Oman. The most promising sites are those located
in the southern and eastern regions of Oman near the sea, which are Thumrait, Qairoon
Hairiti, Masirah, and Ras Alhad [133]. Oman currently lacks production from renewable
energy sources. However, Oman has a future in renewable market energy in projects such
as the 200 MW solar plant in the Dakhiliya region and 50 MW wind plant in the Dhofar
region, which are under consideration [134]. Several studies were carried out on Masirah
Island to examine the efficiency of hybrid systems by combining wind power with diesel
generation. This determined that the best location to construct this wind power system is
in the rural areas. Oman is exposed to the strong summer and winter monsoon winds. The
average wind speed reaches more than 5 m/s [127]. Moreover, wind speeds reach their
peak during the months of April–September. The weather indicator shows the high-range
wind speeds are found along the coast from Masirah to Salalah, but the optimum wind
speeds are in the Dhofar Mountains Chain north of Salalah [135]. In the previous study,
the estimation of the annual energy content was performed at 80 m above ground level
for five stations (viz., Thumrait, Qairoon, Hairiti, Masirah, and Joba), and the energy is
specified as kWh per year through a vertical area of one m2, kWh/year/m2. The optimum
rate of expected energy is at Thumrait, and the lowest at Joba for 4.5 kWh/m2/year and
3.5 kWh/m2/year, respectively [135]. Studies commenced in Oman show that the highest
wind speeds were recorded (during the summer seasonal months, June, July, and August).
On the other hand, they are lower during October and November. The historical and future
variation of the wind power was evaluated by a high-resolution regional climate model
(EC-EARTH) obtained from the CORDEX program for the MENA domain. The obtained
results of the simulation of wind power in terms of mean annual, mean seasonal, and
directional distributions were analyzed for historical and future periods.

Generally, because of the abundance of wind resources, the best GCC countries for the
installation of wind farms are Kuwait, Oman, and Saudi Arabia. The average annual wind
speed reaches above 7.5 m/s in different areas of those countries. The current projects were
installed in those countries with different wind energies: in Kuwait, the Shagaya project
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with wind potential 10 MW; in the western region, Oman 50 MW; in the southwestern
region of Dhofar and Saudi Arabia Dumat-al-Jandal project (400 MW) in the northern
province of Al Jouf [136]. The recent IRENA study in GCC countries showed that the
highest wind energy potential was recorded for Saudi Arabia at 3500 MW, followed by
Oman with a potential of 1210 MW. The lowest potential is predicted for the UAE, Kuwait,
and Bahrain (300, 200, and 20) MW, respectively. Oman’s renewable energy authorities
have identified seven renewable-based wind power electricity generation pertinent to
the Oman Vision 2040. The locations identified are Sur and Jaalan Bani Bu Ali (North Al
Sharqiyah), Duqm-1 and Duqm-2 (Al Wusta), and Al Jazir, Shaleem, and Sadah (Dhofar
Governorate) [137]. The complete details of wind energy in the GCC are listed in Table 8.

Table 8. Wind energy prospect for GCC countries.

Name of the
Renewable
Resource

Country Energy Output Best Installation Location
Wind Energy
Simulation
Software

Future Strategic Plan References

WIND

KSA 17 GW, 8 MW
turbine

Dhahran
(151 W/m2, 5.2 m/s)

Arar (182 W/m2, 5.4 m/s)
Yanbu (142 W/m2, 4.9 m/s),

Dhulum (176 W/m2, 5.7 m/s),
Qassim (91 W/m2, 4.3 m/s)

Monte Carlo
simulation (MCS)

and

50 GW of wind and
solar capacity by the

year 2040
producing

9.5 GW/year of
renewable energy by

2023

[118,119,
124]

Kuwait 4.9 GW, 8 MW
turbine

Beacon N6 580 Watt/m2, South
Dolphin 360 Watt/m2

Ahmadi oil pier 320 Watt/m2,

beacon M28 140 Watt/m2

Weibull
distribution

Generate 10% of its
energy needs by the

year 2020
[117,124]

Qatar 0.9 GW, 8 MW
turbine

AbuSamrah
3.77 m/s

Ar-Ruways 4.06 m/s
Doha Intl Airport 4.10 m/s,

Duhan
3.82 m/s

Musayid 3.76 m/s

HOMER software
and fuzzy MCDM

Membrane and
electrode fouling,

high material cost, no
real-scale database,

low desalination rate

[124,125]

UAE

Negligible
compare with

other GCC
countries

Abu Dhabi with 850 KW, wind
turbine prototype, installed in

Sir Bani Yas Island
—-

7% clean energy
sources by 2020, 25%

2030 and 75% by 2050.
Solar energy

collectively makes up
90% of all RE use in

the RE map 2030 Case,
with the remaining
10% provided by
geothermal heat,
wind power and
waste-to-energy

systems

[18,124]

Bahrain 2.37 GW, 8 MW
turbine — Boxe Jenkins

renewable energy
target of 5 percent by
2025 and 10 percent

by 2035

[124,132]

Oman 8 GW, 8 MW
turbine

Thumrait 4500 KWh/m2/year c,
8.2 m/s,

Qairoon Hairiti 4250
KWh/m2/year, 9 m/s,

Masirah 4300 KWh/m2/year,
8.2 m/s

Joba 3600 KWh/m2/year,
7.8 m/s

80 m above ground level

A high-resolution
regional climate

model
(EC-EARTH)

obtained from
CORDEX

program for the
MENA

200 MW solar plant in
Dakhiliya region and
50 MW wind plant in

Dofar region, 2020

[133,138]

c energy content is specified as kWh per year through a vertical area of one m2.
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6. Tidal Wave Energy Potential in the GCC Region

Tides are energy created by forces due to our planet earth’s rotation and the gravity
pull of the sun and the moon. Tidal waves are exorbitantly available in the Arabian Sea.
However, they have a low relative energy density. It is potentially marginal compared with
wind and solar energy resources. Tidal stream, tidal range, wave energy, offshore wind
energy, and thermal energy currents could be used by the pivoting motion of mooring lines,
tidal barrages, and the underwater turbines, which are produced by the Simec Atlantis
company. The wind pushes the ocean surface with the sun and heat factors, which in
turn create ocean currents. Marine energy is one of the newest potential technologies to
generate electricity without harmful emissions. According to the IEA, the estimated growth
for marine technology is not on the right track, seeing a 3% increase only, and it needs to
increase up to a 24% growth rate to achieve the target of 2030. Tides are predictable and
have constant validity, which can change four times within the 24 h rustling of the earth’s
rotation and to the sun and the moon gravity, especially in the spring tides, which can
happen when the earth, sun, and moon are aligned. There are massive low tidal borages
stations such as the one in South Korea and France that have been protected by cathodic
protection, but it has high cost and a large barrier that can affect the marine environment.
This is why the Simec Atlantis company produces underwater turbines that can be fully
submerged with safe sonar. Kaveh Soleimani et al. [139] studied how tidal wave energy
production can generate 15.8 MW, which relies upon important parameters such as the tidal
velocity, wave heights, wave period, water depth, and shore condition. In other countries,
the installation cost is a huge challenge, but finding the right place for such projects that
does not affect the coastline ecosystems is a big challenge for such projects, and an almost
impossible task even for a fully submerged turbine with an area of 1 km for marine life.
There are some areas to develop according to European Commission such as the following:

• Dielectric elastomers: fewer moving parts and to reduce power take-off complexity
• Third-generation tidal energy devices: to exploit untapped resources efficiently
• A novel approach to first-generation wave energy: to increase energy capture and

quality power output
• Innovation tidal and wave energy power take-off: to increase the reliability of ocean

energy devices
• Improve morning compliance: to improve power production and survivability of

ocean energy devices.
• Blades innovation: to reduce fatigue and extend the lifetime
• Rotor innovation: to increase power capture and overall efficiency
• Flouting tidal concepts: to ease installation and maintenance and optimal power

extraction in the upper part of the water column
• Breakthrough materials for first-generation tidal devices: to reduce structural weight

and to improve the thrust loading capacity

Some technologies could fit the Middle East and Oman, such as the ocean thermal
energy conversion (OTEC), which does not utilize fuel and has a fixed cost. The Arabian
Sea is one of the best areas to use the ocean thermal energy conversion technology because
of the temperature difference between the cold deep ocean water and warm surface ocean
water, which is greater than 20 ◦C. Research is in progress for the utilization of the tidal
waves across the GCC coastal areas to generate electric power in the near future. The
complete details of tidal energy research are listed in Table 9.
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Table 9. Tidal wave energy potential in the GCC region.

Raw Resources Harvesting Technology Output Product

Technology
Development Status

(Lab/Small/Pilot/Industrial
Scale)

Advantages Disadvantages Ref

Tidal Stream Underwater turbines Electricity Industrial scale
Zero harmful emissions,
predictable and constant

validity.

High costs affect the coastline
ecosystems and high corrosion.

[140]

Tidal Rang Tidal barrages Electricity Industrial scale
Zero harmful emissions,
predictable and constant

validity

High cost and large barrier which
can affect the marine environment,
affect the coastline ecosystems, and

high corrosion.

Waves Mooring lines Electricity Industrial scale
Zero harmful emissions,
predictable and constant

validity.

High cost can affect the marine
environment and high corrosion.

Offshore Wind Wind turbine Electricity Industrial scale
Zero harmful emissions,
predictable and constant

validity

High cost and large long columns
can affect the marine environment,
affect the coastline ecosystems, and

high corrosion.

Ocean Thermal OTEC Electricity Industrial scale
Zero harmful emissions,
predictable and constant

validity

High cost, it can affect the marine
and high corrosion

[141]



Sustainability 2021, 13, 10261 23 of 29

7. Conclusions

According to the literature review, all Gulf countries have natural nonrenewable
energy resources (such as oil, gas, and coal) and huge potential and future prospects
for renewable energy. Renewable energy sources have an abundance of promise and
sustainability in Gulf countries. Renewable energy use has steadily increased in Gulf
nations such as Bahrain, Kuwait, Oman, Qatar, Saudi Arabia, and the United Arab Emirates
during the last few decades. The GCC regions are located on the coast, where they may
make use of a variety of renewable energy sources such as wind, tidal, solar desalination,
and so on. The majority of Gulf nations have set a long-term strategic aim of achieving the
planned power capacity using renewable energy sources with their own country’s vision
in the area of solar energy, wind energy, biomass, tidal, bioenergy, etc. The Gulf-bordered
nations obtain the most solar energy in the globe, making it one of the most important
energy-producing driving forces for generating power. Likewise, wind energy is another
viable alternative for generating electricity. It is self-evident, and the research confirms that
the GCC nations have several notable locations for wind energy power generation, which
is a totally nonpolluting source of electric power generation. The majority of GCC nations
have identified a number of viable locations for generating higher-density electric power.
Apart from the solar and wind energy potentials in the GCC, entrepreneurs and researchers
are actively researching biomass conversion to generate electricity. The potential of biomass
industries has been thoroughly discussed in GCC’s study of the literature. The intensity of
investigation in the biomass sector, on the other hand, must be investigated in the majority
of GCC nations. In GCC countries, effective biomass usage serves two purposes (waste
minimization and electricity generation). Further, several researchers are also researching a
new study topic known as bioenergy power generation in the GCC. Despite the fact that
bioenergy is a relatively saturated field of study, the Gulf-bound countries have enormous
potential to explore electrical energy in larger magnitudes. Furthermore, the GCC should
also concentrate on tidal wave energy generation (because all the GCC nations are located
near the coast, and hence, the production of the same is very high). GCC countries can
become a potential benchmark for the strong utilization of renewable energy resources
for the global community, not only for the exploration of renewable sources but also for
safeguarding the global pollution hazards.

Author Contributions: Conceptualization, J.S.B. and A.A.N.; methodology, J.S.B. and I.M.R.F.; soft-

ware, A.H.; validation, J.K.B.; formal analysis, A.A.N.; resources, W.A.; data curation, M.M.; writing—

original draft preparation, J.S.B., T.J., K.S. and J.K.B.; writing—review and editing, R.V., M.A.A.,

M.E.M.S., S.M.A.R. and I.M.R.F.; project administration, S.M.A.R. and I.M.R.F. Funding Acquisition,

R.V. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data sharing not applicable.

Acknowledgments: The authors would like to thank the IMCO Management for the support to

conduct the study.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Mujtaba, M.A.; Cho, H.M.; Masjuki, H.; Kalam, M.; Ong, H.; Gul, M.; Harith, M.; Yusoff, M. Critical review on sesame seed oil

and its methyl ester on cold flow and oxidation stability. Energy Rep. 2020, 6, 40–54. [CrossRef]

2. Hussain, F.; Alshahrani, S.; Abbas, M.M.; Khan, H.M.; Jamil, A.; Yaqoob, H.; Soudagar, M.E.M.; Imran, M.; Ahmad, M.; Munir, M.

Waste Animal Bones as Catalysts for Biodiesel Production; A Mini Review. Catalysts 2021, 11, 630. [CrossRef]

3. Razzaq, L.; Imran, S.; Anwar, Z.; Farooq, M.; Abbas, M.M.; Mehmood Khan, H.; Asif, T.; Amjad, M.; Soudagar, M.E.M.; Shaukat,

N. Maximising yield and engine efficiency using optimised waste cooking oil biodiesel. Energies 2020, 13, 5941. [CrossRef]

http://doi.org/10.1016/j.egyr.2019.11.160
http://doi.org/10.3390/catal11050630
http://doi.org/10.3390/en13225941


Sustainability 2021, 13, 10261 24 of 29

4. Razzaq, L.; Mujtaba, M.A.; Soudagar, M.E.M.; Ahmed, W.; Fayaz, H.; Bashir, S.; Fattah, I.M.R.; Ong, H.C.; Shahapurkar, K.; Afzal,

A.; et al. Engine performance and emission characteristics of palm biodiesel blends with graphene oxide nanoplatelets and

dimethyl carbonate additives. J. Environ. Manag. 2021, 282, 111917. [CrossRef] [PubMed]

5. Ritchie, H.; Roser, M. Energy. Our World Data. 2020. Available online: https://ourworldindata.org/energy (accessed on

3 September 2021).

6. Rahman, S.M.A.; Fattah, I.M.R.; Maitra, S.; Mahlia, T.M.I. A ranking scheme for biodiesel underpinned by critical physicochemical

properties. Energy Convers. Manag. 2021, 229, 113742. [CrossRef]

7. Rahman, S.M.A.; Fattah, I.M.R. Evaluation of a compression ignition engine performance and emission characteristics using

diesel-essential oil blends of high orange oil content. Aust. J. Mech. Eng. 2021, 1–8. [CrossRef]

8. Rahman, S.M.A.; Rizwanul Fattah, I.M.; Ong, H.C.; Zamri, M.F.M.A. State-of-the-Art of Strategies to Reduce Exhaust Emissions

from Diesel Engine Vehicles. Energies 2021, 14, 1766. [CrossRef]

9. Fattah, I.M.R.; Masjuki, H.H.; Liaquat, A.M.; Ramli, R.; Kalam, M.A.; Riazuddin, V.N. Impact of various biodiesel fuels obtained

from edible and non-edible oils on engine exhaust gas and noise emissions. Renew. Sustain. Energy Rev. 2013, 18, 552–567.

[CrossRef]

10. Fattah, I.M.R.; Masjuki, H.H.; Kalam, M.A.; Mofijur, M.; Abedin, M.J. Effect of antioxidant on the performance and emission

characteristics of a diesel engine fueled with palm biodiesel blends. Energy Convers. Manag. 2014, 79, 265–272. [CrossRef]

11. Hasan, M.H.; Mahlia, T.M.; Mofijur, M.; Rizwanul Fattah, I.M.; Handayani, F.; Ong, H.C.; Silitonga, A.S. A Comprehensive

Review on the Recent Development of Ammonia as a Renewable Energy Carrier. Energies 2021, 14, 3732. [CrossRef]

12. Mujtaba, M.; Masjuki, H.; Kalam, M.; Noor, F.; Farooq, M.; Ong, H.C.; Gul, M.; Soudagar, M.E.M.; Bashir, S.; Rizwanul Fattah,

I. Effect of Additivized Biodiesel Blends on Diesel Engine Performance, Emission, Tribological Characteristics, and Lubricant

Tribology. Energies 2020, 13, 3375. [CrossRef]

13. Arbab, M.I.; Varman, M.; Masjuki, H.H.; Kalam, M.A.; Imtenan, S.; Sajjad, H.; Rizwanul Fattah, I.M. Evaluation of combustion,

performance, and emissions of optimum palm-coconut blend in turbocharged and non-turbocharged conditions of a diesel

engine. Energy Convers. Manag. 2015, 90, 111–120. [CrossRef]

14. Al-Badi, A.; Al Mubarak, I. Growing energy demand in the GCC countries. Arab. J. Basic Appl. Sci. 2019, 26, 488–496. [CrossRef]

15. IRENA. Renewable Energy Market Analysis. 2019. Available online: https://www.irena.org/-/media/Files/IRENA/Agency/

Publication/2019/Jan/IRENA_Market_Analysis_GCC_2019.pdf (accessed on 3 September 2021).

16. Alnaser, W.E.; Alnaser, N.W. The status of renewable energy in the GCC countries. Renew. Sustain. Energy Rev. 2011, 15, 3074–3098.

[CrossRef]

17. Bhutto, A.W.; Bazmi, A.A.; Zahedi, G.; Klemeš, J.J. A review of progress in renewable energy implementation in the Gulf

Cooperation Council countries. J. Clean. Prod. 2014, 71, 168–180. [CrossRef]

18. Atalay, Y.; Biermann, F.; Kalfagianni, A. Adoption of renewable energy technologies in oil-rich countries: Explaining policy

variation in the Gulf Cooperation Council states. Renew. Energy 2016, 85, 206–214. [CrossRef]

19. Ejaz, A.; Babar, H.; Ali, H.M.; Jamil, F.; Janjua, M.M.; Fattah, I.M.R.; Said, Z.; Li, C. Concentrated photovoltaics as light harvesters:

Outlook, recent progress, and challenges. Sustain. Energy Technol. Assess. 2021, 46, 101199. [CrossRef]

20. Fattah, I.M.R.; Ong, H.C.; Mahlia, T.M.I.; Mofijur, M.; Silitonga, A.S.; Rahman, S.M.A.; Ahmad, A. State of the Art of Catalysts for

Biodiesel Production. Front. Energy Res. 2020, 8. [CrossRef]

21. Ong, H.C.; Tiong, Y.W.; Goh, B.H.H.; Gan, Y.Y.; Mofijur, M.; Fattah, I.M.R.; Chong, C.T.; Alam, M.A.; Lee, H.V.; Silitonga, A.S.;

et al. Recent advances in biodiesel production from agricultural products and microalgae using ionic liquids: Opportunities and

challenges. Energy Convers. Manag. 2021, 228, 113647. [CrossRef]

22. Hussain, F.; Soudagar, M.E.M.; Afzal, A.; Mujtaba, M.; Fattah, I.; Naik, B.; Mulla, M.H.; Badruddin, I.A.; Khan, T.; Raju, V.D.

Enhancement in Combustion, Performance, and Emission Characteristics of a Diesel Engine Fueled with Ce-ZnO Nanoparticle

Additive Added to Soybean Biodiesel Blends. Energies 2020, 13, 4578. [CrossRef]

23. Imtenan, S.; Varman, M.; Masjuki, H.H.; Kalam, M.A.; Sajjad, H.; Arbab, M.I.; Rizwanul Fattah, I.M. Impact of low temperature

combustion attaining strategies on diesel engine emissions for diesel and biodiesels: A review. Energy Convers. Manag. 2014, 80,

329–356. [CrossRef]

24. Ivase, T.J.-P.; Nyakuma, B.B.; Oladokun, O.; Abu, P.T.; Hassan, M.N. Review of the principal mechanisms, prospects, and

challenges of bioelectrochemical systems. Environ. Prog. Sustain. Energy 2020, 39, 13298. [CrossRef]

25. Jafary, T.; Al-Mamun, A.; Alhimali, H.; Baawain, M.S.; Rahman, M.S.; Rahman, S.; Dhar, B.R.; Aghbashlo, M.; Tabatabaei, M.

Enhanced power generation and desalination rate in a novel quadruple microbial desalination cell with a single desalination

chamber. Renew. Sustain. Energy Rev. 2020, 127, 109855. [CrossRef]

26. Su, L.; Ajo-Franklin, C.M. Reaching full potential: Bioelectrochemical systems for storing renewable energy in chemical bonds.

Curr. Opin. Biotechnol. 2019, 57, 66–72. [CrossRef] [PubMed]

27. Zheng, T.; Li, J.; Ji, Y.; Zhang, W.; Fang, Y.; Xin, F.; Dong, W.; Wei, P.; Ma, J.; Jiang, M. Progress and Prospects of Bioelectrochemical

Systems: Electron Transfer and Its Applications in the Microbial Metabolism. Front. Bioeng. Biotechnol. 2020, 8. [CrossRef]

28. Gadkari, S.; Gu, S.; Sadhukhan, J. Towards automated design of bioelectrochemical systems: A comprehensive review of

mathematical models. Chem. Eng. J. 2018, 343, 303–316. [CrossRef]

http://doi.org/10.1016/j.jenvman.2020.111917
http://www.ncbi.nlm.nih.gov/pubmed/33453625
https://ourworldindata.org/energy
http://doi.org/10.1016/j.enconman.2020.113742
http://doi.org/10.1080/14484846.2021.1913870
http://doi.org/10.3390/en14061766
http://doi.org/10.1016/j.rser.2012.10.036
http://doi.org/10.1016/j.enconman.2013.12.024
http://doi.org/10.3390/en14133732
http://doi.org/10.3390/en13133375
http://doi.org/10.1016/j.enconman.2014.11.017
http://doi.org/10.1080/25765299.2019.1687396
https://www.irena.org/-/media/Files/IRENA/Agency/Publication/2019/Jan/IRENA_Market_Analysis_GCC_2019.pdf
https://www.irena.org/-/media/Files/IRENA/Agency/Publication/2019/Jan/IRENA_Market_Analysis_GCC_2019.pdf
http://doi.org/10.1016/j.rser.2011.03.021
http://doi.org/10.1016/j.jclepro.2013.12.073
http://doi.org/10.1016/j.renene.2015.06.045
http://doi.org/10.1016/j.seta.2021.101199
http://doi.org/10.3389/fenrg.2020.00101
http://doi.org/10.1016/j.enconman.2020.113647
http://doi.org/10.3390/en13174578
http://doi.org/10.1016/j.enconman.2014.01.020
http://doi.org/10.1002/ep.13298
http://doi.org/10.1016/j.rser.2020.109855
http://doi.org/10.1016/j.copbio.2019.01.018
http://www.ncbi.nlm.nih.gov/pubmed/30849708
http://doi.org/10.3389/fbioe.2020.00010
http://doi.org/10.1016/j.cej.2018.03.005


Sustainability 2021, 13, 10261 25 of 29

29. Caizán-Juanarena, L.; Borsje, C.; Sleutels, T.; Yntema, D.; Santoro, C.; Ieropoulos, I.; Soavi, F.; ter Heijne, A. Combination of

bioelectrochemical systems and electrochemical capacitors: Principles, analysis and opportunities. Biotechnol. Adv. 2020, 39,

107456. [CrossRef]

30. Ngo, H.H.; Ye, Y.; Guo, W.; Du, B.; Wei, D.; Wei, Q.; Liu, Y. 12-Nutrient recovery in anaerobic membrane bioreactors. In

Current Developments in Biotechnology and Bioengineering; Ngo, H.H., Guo, W., Ng, H.Y., Mannina, G., Pandey, A., Eds.; Elsevier:

Amsterdam, The Netherlands, 2020; pp. 283–307. [CrossRef]

31. Strik, D.P.B.T.B.; Timmers, R.A.; Helder, M.; Steinbusch, K.J.J.; Hamelers, H.V.M.; Buisman, C.J.N. Microbial solar cells: Applying

photosynthetic and electrochemically active organisms. Trends Biotechnol. 2011, 29, 41–49. [CrossRef]

32. Nguyen, C.-L.; Tartakovsky, B.; Woodward, L. Harvesting energy from multiple microbial fuel cells with a high-conversion

efficiency power management system. ACS Omega 2019, 4, 18978–18986. [CrossRef]

33. Satinover, S.J.; Rodriguez, M.; Campa, M.F.; Hazen, T.C.; Borole, A.P. Performance and community structure dynamics of

microbial electrolysis cells operated on multiple complex feedstocks. Biotechnol. Biofuels 2020, 13, 1–21. [CrossRef]

34. Imoro, A.Z.; Mensah, M.; Buamah, R. Developments in the microbial desalination cell technology: A review. Water-Energy Nexus

2021, 4, 76–87. [CrossRef]

35. Jafary, T.; Daud, W.R.W.; Ghasemi, M.; Kim, B.H.; Md Jahim, J.; Ismail, M.; Lim, S.S. Biocathode in microbial electrolysis cell;

present status and future prospects. Renew. Sustain. Energy Rev. 2015, 47, 23–33. [CrossRef]

36. Santoro, C.; Arbizzani, C.; Erable, B.; Ieropoulos, I. Microbial fuel cells: From fundamentals to applications. A review. J. Power

Sources 2017, 356, 225–244. [CrossRef] [PubMed]

37. Kim, B.-H.; Kim, H.-J.; Hyun, M.-S.; Park, D.-H. Direct electrode reaction of Fe (III)-reducing bacterium, Shewanella putrefaciens.

J. Microbiol. Biotechnol. 1999, 9, 127–131.

38. Kim, B.H.; Park, H.S.; Kim, H.J.; Kim, G.T.; Chang, I.S.; Lee, J.; Phung, N.T. Enrichment of microbial community generating

electricity using a fuel-cell-type electrochemical cell. Appl. Microbiol. Biotechnol. 2004, 63, 672–681. [CrossRef]

39. Jafary, T.; Ghoreyshi, A.A.; Najafpour, G.D.; Fatemi, S.; Rahimnejad, M. Investigation on performance of microbial fuel cells based

on carbon sources and kinetic models. Int. J. Energy Res. 2013, 37, 1539–1549. [CrossRef]

40. Jafary, T.; Rahimnejad, M.; Ghoreyshi, A.A.; Najafpour, G.; Hghparast, F.; Daud, W.R.W. Assessment of bioelectricity production

in microbial fuel cells through series and parallel connections. Energy Convers. Manag. 2013, 75, 256–262. [CrossRef]

41. Rahimnejad, M.; Ghoreyshi, A.A.; Najafpour, G.; Jafary, T. Power generation from organic substrate in batch and continuous flow

microbial fuel cell operations. Appl. Energy 2011, 88, 3999–4004. [CrossRef]

42. Sadeqzadeh, M.; Mostafa, G.; Ghannadzadeh, A.; Babak, S.; Tahereh, J.; Wan, R.; Hassan, S.H.A. Mass transfer limitation in

different anode electrode surface areas on the performance of dual chamber Microbial Fuel Cell. Am. J. Biochem. Biotechnol. 2012,

8, 320–325.

43. Rahimnejad, M.; Adhami, A.; Darvari, S.; Zirepour, A.; Oh, S.-E. Microbial fuel cell as new technology for bioelectricity generation:

A review. Alex. Eng. J. 2015, 54, 745–756. [CrossRef]

44. Palanisamy, G.; Jung, H.-Y.; Sadhasivam, T.; Kurkuri, M.D.; Kim, S.C.; Roh, S.-H. A comprehensive review on microbial fuel cell

technologies: Processes, utilization, and advanced developments in electrodes and membranes. J. Clean. Prod. 2019, 221, 598–621.

[CrossRef]

45. Feng, C.; Hu, A.; Chen, S.; Yu, C.-P. A decentralized wastewater treatment system using microbial fuel cell techniques and its

response to a copper shock load. Bioresour. Technol. 2013, 143, 76–82. [CrossRef]

46. Robles, Á.; Capson-Tojo, G.; Gales, A.; Viruela, A.; Sialve, B.; Seco, A.; Steyer, J.P.; Ferrer, J. Performance of a membrane-coupled

high-rate algal pond for urban wastewater treatment at demonstration scale. Bioresour. Technol. 2020, 301, 122672. [CrossRef]

47. Hsu, L.; Arias-Thode, M.; Salvacion, M.; Benavidez, Z.; Mirhosseini, A.; Babanova, S.; Chen, S.; Bretschger, O.J.E.T. Demonstration

of an Energy-Neutral, Off-Grid Microbial Fuel Cell System for Decentralized Wastewater Treatment. ECS Trans. 2017, 75, 19.

[CrossRef]

48. Castro, C.J.; Goodwill, J.E.; Rogers, B.; Henderson, M.; Butler, C.S. Deployment of the microbial fuel cell latrine in Ghana for

decentralized sanitation. J. Water Sanit. Hyg. Dev. 2014, 4, 663–671. [CrossRef]

49. Valladares Linares, R.; Domínguez-Maldonado, J.; Rodríguez-Leal, E.; Patrón, G.; Castillo-Hernández, A.; Miranda, A.; Diaz

Romero, D.; Moreno-Cervera, R.; Camara-chale, G.; Borroto, C.G.; et al. Scale up of Microbial Fuel Cell Stack System for

Residential Wastewater Treatment in Continuous Mode Operation. Water 2019, 11, 217. [CrossRef]

50. Gadkari, S.; Fontmorin, J.-M.; Yu, E.; Sadhukhan, J. Influence of temperature and other system parameters on microbial fuel cell

performance: Numerical and experimental investigation. Chem. Eng. J. 2020, 388, 124176. [CrossRef]

51. Li, S.; Chen, G. Factors Affecting the Effectiveness of Bioelectrochemical System Applications: Data Synthesis and Meta-Analysis.

Batteries 2018, 4, 34. [CrossRef]

52. Heidrich, E.S.; Dolfing, J.; Wade, M.J.; Sloan, W.T.; Quince, C.; Curtis, T.P. Temperature, inocula and substrate: Contrasting

electroactive consortia, diversity and performance in microbial fuel cells. Bioelectrochemistry 2018, 119, 43–50. [CrossRef]

53. Li, L.; Sun, Y.; Yuan, Z.; Kong, X.; Li, Y. Effect of temperature change on power generation of microbial fuel cell. Environ. Technol.

2013, 34, 1929–1934. [CrossRef]

54. Jafary, T.; Daud, W.R.W.; Ghasemi, M.; Kim, B.H.; Carmona-Martínez, A.A.; Bakar, M.H.A.; Jahim, J.M.; Ismail, M. A comprehen-

sive study on development of a biocathode for cleaner production of hydrogen in a microbial electrolysis cell. J. Clean. Prod. 2017,

164, 1135–1144. [CrossRef]

http://doi.org/10.1016/j.biotechadv.2019.107456
http://doi.org/10.1016/B978-0-12-819852-0.00012-9
http://doi.org/10.1016/j.tibtech.2010.10.001
http://doi.org/10.1021/acsomega.9b01854
http://doi.org/10.1186/s13068-020-01803-y
http://doi.org/10.1016/j.wen.2021.04.002
http://doi.org/10.1016/j.rser.2015.03.003
http://doi.org/10.1016/j.jpowsour.2017.03.109
http://www.ncbi.nlm.nih.gov/pubmed/28717261
http://doi.org/10.1007/s00253-003-1412-6
http://doi.org/10.1002/er.2994
http://doi.org/10.1016/j.enconman.2013.06.032
http://doi.org/10.1016/j.apenergy.2011.04.017
http://doi.org/10.1016/j.aej.2015.03.031
http://doi.org/10.1016/j.jclepro.2019.02.172
http://doi.org/10.1016/j.biortech.2013.05.038
http://doi.org/10.1016/j.biortech.2019.122672
http://doi.org/10.1149/07546.0019ecst
http://doi.org/10.2166/washdev.2014.020
http://doi.org/10.3390/w11020217
http://doi.org/10.1016/j.cej.2020.124176
http://doi.org/10.3390/batteries4030034
http://doi.org/10.1016/j.bioelechem.2017.07.006
http://doi.org/10.1080/09593330.2013.828101
http://doi.org/10.1016/j.jclepro.2017.07.033


Sustainability 2021, 13, 10261 26 of 29

55. Morillo, J.; Usero, J.; Rosado, D.; El Bakouri, H.; Riaza, A.; Bernaola, F.-J. Comparative study of brine management technologies

for desalination plants. Desalination 2014, 336, 32–49. [CrossRef]

56. Alhimali, H.; Jafary, T.; Al-Mamun, A.; Baawain, M.S.; Vakili-Nezhaad, G.R. New insights into the application of microbial

desalination cells for desalination and bioelectricity generation. Biofuel Res. J. 2019, 6, 1090. [CrossRef]

57. Roberts, D.A.; Johnston, E.L.; Knott, N.A. Impacts of desalination plant discharges on the marine environment: A critical review

of published studies. Water Res. 2010, 44, 5117–5128. [CrossRef] [PubMed]

58. Jafary, T.; Al-Mamun, A.; Alhimali, H.; Baawain, M.S.; Rahman, S.; Tarpeh, W.A.; Dhar, B.R.; Kim, B.H. Novel two-chamber tubular

microbial desalination cell for bioelectricity production, wastewater treatment and desalination with a focus on self-generated

pH control. Desalination 2020, 481, 114358. [CrossRef]

59. Mateo, S.; Gonzalez del Campo, A.; Cañizares, P.; Lobato, J.; Rodrigo, M.A.; Fernandez, F.J. Bioelectricity generation in a

self-sustainable Microbial Solar Cell. Bioresour. Technol. 2014, 159, 451–454. [CrossRef]

60. Strycharz-Glaven, S.M.; Glaven, R.H.; Wang, Z.; Zhou, J.; Vora, G.J.; Tender, L.M. Electrochemical Investigation of a Microbial

Solar Cell Reveals a Nonphotosynthetic Biocathode Catalyst. Appl. Environ. Microbiol. 2013, 79, 3933–3942. [CrossRef]

61. Behera, B.K.; Varma, A. Bioelectricity Generation. In Bioenergy for Sustainability and Security; Springer: Singapore, 2019;

pp. 265–299.

62. Rizzo, A. Automatic Test Equipment for Plant Microbial Fuel Cells for Energy Harvesting. Ph.D. Dissertation, Politecnic di Torino,

Torino, Italy, 2019.

63. Kabutey, F.T.; Zhao, Q.; Wei, L.; Ding, J.; Antwi, P.; Quashie, F.K.; Wang, W. An overview of plant microbial fuel cells (PMFCs):

Configurations and applications. Renew. Sustain. Energy Rev. 2019, 110, 402–414. [CrossRef]

64. Khan, M.D.; Khan, N.; Sultana, S.; Khan, M.Z.; Sabir, S.; Azam, A. Microbial fuel cell: Waste minimization and energy generation.

In Modern Age Environmental Problems and Their Remediation; Springer: Cham, Switzerland, 2018; pp. 129–146.

65. Wu, S.; Li, H.; Zhou, X.; Liang, P.; Zhang, X.; Jiang, Y.; Huang, X. A novel pilot-scale stacked microbial fuel cell for efficient

electricity generation and wastewater treatment. Water Res. 2016, 98, 396–403. [CrossRef]

66. Rousseau, R.; Etcheverry, L.; Roubaud, E.; Basséguy, R.; Délia, M.-L.; Bergel, A. Microbial electrolysis cell (MEC): Strengths,

weaknesses and research needs from electrochemical engineering standpoint. Appl. Energy 2020, 257, 113938. [CrossRef]

67. Ping, Q.; He, Z. Improving the flexibility of microbial desalination cells through spatially decoupling anode and cathode. Bioresour.

Technol. 2013, 144, 304–310. [CrossRef] [PubMed]

68. Yang, E.; Chae, K.-J.; Choi, M.-J.; He, Z.; Kim, I.S. Critical review of bioelectrochemical systems integrated with membrane-based

technologies for desalination, energy self-sufficiency, and high-efficiency water and wastewater treatment. Desalination 2019, 452,

40–67. [CrossRef]

69. Enamala, M.K.; Dixit, R.; Tangellapally, A.; Singh, M.; Dinakarrao, S.M.P.; Chavali, M.; Pamanji, S.R.; Ashokkumar, V.; Kadier,

A.; Chandrasekhar, K. Photosynthetic microorganisms (algae) mediated bioelectricity generation in microbial fuel cell: Concise

review. Environ. Technol. Innov. 2020, 19, 100959. [CrossRef]

70. Velasquez-Orta, S.B.; Curtis, T.P.; Logan, B.E. Energy from algae using microbial fuel cells. Biotechnol. Bioeng. 2009, 103, 1068–1076.

[CrossRef]

71. Zaman, B.; Samadikun, B.; Budihardjo, M.; Hardyanti, N.; Rachma, A.; Hasna, S. Potential of phytotechnology in wastewater

treatments to produce alternative electrical energy: A review. Proc. J. Phys. Conf. Ser. 2020, 1524, 012082. [CrossRef]

72. Bala Prasad, K.; Dhana Raju, V.; Ahamad Shaik, A.; Gopidesi, R.K.; Sreekara Reddy, M.B.S.; Soudagar, M.E.M.; Mujtaba, M.A.

Impact of injection timings and exhaust gas recirculation rates on the characteristics of diesel engine operated with neat tamarind

biodiesel. Energy Sources Part A Recovery Util. Environ. Eff. 2021, 1–19. [CrossRef]

73. Wategave, S.; Banapurmath, N.; Sawant, M.; Soudagar, M.E.M.; Mujtaba, M.; Afzal, A.; Basha, J.S.; Alazwari, M.A.; Safaei, M.R.;

Elfasakhany, A. Clean combustion and emissions strategy using reactivity controlled compression ignition (RCCI) mode engine

powered with CNG-Karanja biodiesel. J. Taiwan Inst. Chem. Eng. 2021, 124, 116–131. [CrossRef]

74. Sateesh, K.A.; Yaliwal, V.S.; Soudagar, M.E.M.; Banapurmath, N.R.; Fayaz, H.; Safaei, M.R.; Elfasakhany, A.; El-Seesy, A.I.

Utilization of biodiesel/Al2O3 nanoparticles for combustion behavior enhancement of a diesel engine operated on dual fuel

mode. J. Therm. Anal. Calorim. 2021, 1–15. [CrossRef]

75. Afzal, A.; Soudagar, M.E.M.; Belhocine, A.; Kareemullah, M.; Hossain, N.; Alshahrani, S.; Saleel, C.; Subbiah, R.; Qureshi, F.;

Mujtaba, M. Thermal Performance of Compression Ignition Engine Using High Content Biodiesels: A Comparative Study with

Diesel Fuel. Sustainability 2021, 13, 7688. [CrossRef]

76. Aneeque, M.; Alshahrani, S.; Kareemullah, M.; Afzal, A.; Saleel, C.A.; Soudagar, M.E.M.; Hossain, N.; Subbiah, R.; Ahmed, M.H.

The Combined Effect of Alcohols and Calophyllum inophyllum Biodiesel Using Response Surface Methodology Optimization.

Sustainability 2021, 13, 7345. [CrossRef]

77. Prabhu, C. Potential for Biomass Energy Generation under Study. Oman Dly. Obs. 2016, 2, 15–29. Available online: https:

//www.omanobserver.om/article/92861/1003/potential-for-biomass-energy-generation-under-study (accessed on 3 September

2021).

78. Welfle, A.; Alawadhi, A. Bioenergy opportunities, barriers and challenges in the Arabian Peninsula—Resource modelling, surveys

& interviews. Biomass Bioenergy 2021, 150, 106083. [CrossRef]

79. Ioannidis, R.; Koutsoyiannis, D.J.A.E. A review of land use, visibility and public perception of renewable energy in the context of

landscape impact. Appl. Energy 2020, 276, 115367. [CrossRef]

http://doi.org/10.1016/j.desal.2013.12.038
http://doi.org/10.18331/BRJ2019.6.4.5
http://doi.org/10.1016/j.watres.2010.04.036
http://www.ncbi.nlm.nih.gov/pubmed/20633919
http://doi.org/10.1016/j.desal.2020.114358
http://doi.org/10.1016/j.biortech.2014.03.059
http://doi.org/10.1128/AEM.00431-13
http://doi.org/10.1016/j.rser.2019.05.016
http://doi.org/10.1016/j.watres.2016.04.043
http://doi.org/10.1016/j.apenergy.2019.113938
http://doi.org/10.1016/j.biortech.2013.06.117
http://www.ncbi.nlm.nih.gov/pubmed/23880132
http://doi.org/10.1016/j.desal.2018.11.007
http://doi.org/10.1016/j.eti.2020.100959
http://doi.org/10.1002/bit.22346
http://doi.org/10.1088/1742-6596/1524/1/012082
http://doi.org/10.1080/15567036.2021.1924314
http://doi.org/10.1016/j.jtice.2021.04.055
http://doi.org/10.1007/s10973-021-10928-7
http://doi.org/10.3390/su13147688
http://doi.org/10.3390/su13137345
https://www.omanobserver.om/article/92861/1003/potential-for-biomass-energy-generation-under-study
https://www.omanobserver.om/article/92861/1003/potential-for-biomass-energy-generation-under-study
http://doi.org/10.1016/j.biombioe.2021.106083
http://doi.org/10.1016/j.apenergy.2020.115367


Sustainability 2021, 13, 10261 27 of 29

80. Karagiannidis, A. Waste to Energy. Opportunities and Challenges for Developing and Transition Economies; Springer: London, UK,

2012.

81. Damoom, M.M.; Hashim, S.; Aljohani, M.S.; Saleh, M.A.J.T.E.J. Adding sustainable sources to the Saudi Arabian electricity sector.

Electr. J. 2018, 31, 20–28. [CrossRef]

82. Masdar. Sharjah Waste-to-Energy Project. Available online: https://masdar.ae/en/masdar-clean-energy/projects/sharjah-

waste-to-energy-project. (accessed on 3 September 2021).

83. King, D.C. Oman; Marshall Cavendish Benchmark: New York, NY, USA, 2009.

84. Sait, H.H.; Hussain, A.; Salema, A.A.; Ani, F.N. Pyrolysis and combustion kinetics of date palm biomass using thermogravimetric

analysis. Bioresour. Technol. 2012, 118, 382–389. [CrossRef] [PubMed]

85. Islam, M.N.; Najmul Hoque, S.; Joardder, M. Fixed bed pyrolysis of date seed waste for liquid oil production. In Proceedings of

the 8th International Conference on Mechanical Engineering, Dhaka, Bangladesh, 26–28 December 2009; pp. 1–4.

86. Al-Yahyai, R.; Khan, M.M. Date palm status and perspective in Oman. In Date Palm Genetic Resources and Utilization; Al-Khayri, J.,

Jain, S., Johnson, D., Eds.; Springer: Dordrecht, The Netherlands, 2015; pp. 207–240.

87. Amani, M.A.; Davoudi, M.S.; Tahvildari, K.; Nabavi, S.M.; Davoudi, M.S. Biodiesel production from Phoenix dactylifera as a new

feedstock. Ind. Crops Prod. 2013, 43, 40–43. [CrossRef]

88. Funke, A.; Niebel, A.; Richter, D.; Abbas, M.M.; Müller, A.K.; Radloff, S.; Paneru, M.; Maier, J.; Dahmen, N.; Sauer, J. Fast pyrolysis

char—Assessment of alternative uses within the bioliq® concept. Bioresour. Technol. 2016, 200, 905–913. [CrossRef] [PubMed]

89. Li, X.; Wei, Y.; Moore, K.J.; Michaud, R.; Viands, D.R.; Hansen, J.L.; Acharya, A.; Brummer, E.C. Association mapping of biomass

yield and stem composition in a tetraploid alfalfa breeding population. Plant Genome 2011, 4, 4. [CrossRef]

90. Ritchie, H.; Roser, M. Meat and Dairy Production. Available online: https://ourworldindata.org/meat-production (accessed on

3 September 2021).

91. Zafar, S. Waste-to-Energy Pathways. Available online: https://www.ecomena.org/wte-pathways/ (accessed on 10 September

2021).

92. Hoang, A.T.; Ong, H.C.; Fattah, I.M.R.; Chong, C.T.; Cheng, C.K.; Sakthivel, R.; Ok, Y.S. Progress on the lignocellulosic biomass

pyrolysis for biofuel production toward environmental sustainability. Fuel Process. Technol. 2021, 223, 106997. [CrossRef]

93. Bujak, J.W. New insights into waste management—Meat industry. Renew. Energy 2015, 83, 1174–1186. [CrossRef]

94. Hamad, T.A.; Agll, A.A.; Hamad, Y.M.; Sheffield, J.W. Solid waste as renewable source of energy: Current and future possibility

in Libya. Case Stud. Therm. Eng. 2014, 4, 144–152. [CrossRef]

95. Siddiki, S.Y.A.; Uddin, M.N.; Mofijur, M.; Fattah, I.M.R.; Ong, H.C.; Lam, S.S.; Kumar, P.S.; Ahmed, S.F. Theoretical calculation of

biogas production and greenhouse gas emission reduction potential of livestock, poultry and slaughterhouse waste in Bangladesh.

J. Environ. Chem. Eng. 2021, 9, 105204. [CrossRef]

96. Mofijur, M.; Fattah, I.M.R.; Kumar, P.S.; Siddiki, S.Y.A.; Rahman, S.M.A.; Ahmed, S.F.; Ong, H.C.; Lam, S.S.; Badruddin, I.A.;

Khan, T.M.Y.; et al. Bioenergy recovery potential through the treatment of the meat processing industry waste in Australia. J.

Environ. Chem. Eng. 2021, 9, 105657. [CrossRef]

97. Kantarli, I.C.; Kabadayi, A.; Ucar, S.; Yanik, J. Conversion of poultry wastes into energy feedstocks. Waste Manag. 2016, 56,

530–539. [CrossRef]

98. Almandoz, M.C.; Pagliero, C.L.; Ochoa, N.A.; Marchese, J. Composite ceramic membranes from natural aluminosilicates for

microfiltration applications. Ceram. Int. 2015, 41, 5621–5633. [CrossRef]

99. Zamri, M.F.M.A.; Bahru, R.; Suja, F.; Shamsuddin, A.H.; Pramanik, S.K.; Fattah, I.M.R. Treatment strategies for enhancing the

removal of endocrine-disrupting chemicals in water and wastewater systems. J. Water Process. Eng. 2021, 41, 102017. [CrossRef]

100. Strezov, V. Properties of biomass fuels. In Biomass Processing Technologies; Strezov, V., Evans, T.J., Eds.; CRC Press, Taylor & Francis

Group: Boca Raton, FL, USA, 2015; pp. 1–31.

101. Zamri, M.F.M.A.; Hasmady, S.; Akhiar, A.; Ideris, F.; Shamsuddin, A.H.; Mofijur, M.; Fattah, I.M.R.; Mahlia, T.M.I. A comprehen-

sive review on anaerobic digestion of organic fraction of municipal solid waste. Renew. Sustain. Energy Rev. 2021, 137, 110637.

[CrossRef]

102. Thrän, D. (Ed.) Smart Bioenergy Technologies and Concepts for a More Flexible Bioenergy Provision in Future Energy Systems; Springer:

Leipzig, Germany, 2015.

103. Akram, N.; Sadri, R.; Kazi, S.; Ahmed, S.; Zubir, M.; Ridha, M.; Soudagar, M.; Ahmed, W.; Arzpeyma, M.; Tong, G.B. An

experimental investigation on the performance of a flat-plate solar collector using eco-friendly treated graphene nanoplatelets—

Water nanofluids. J. Therm. Anal. Calorim. 2019, 138, 609–621. [CrossRef]

104. Akram, N.; Sadri, R.; Kazi, S.; Zubir, M.N.M.; Ridha, M.; Ahmed, W.; Soudagar, M.E.M.; Arzpeyma, M. A comprehensive review

on nanofluid operated solar flat plate collectors. J. Therm. Anal. Calorim. 2020, 139, 1309–1343. [CrossRef]

105. Hemadrasa, D. Cost Effective Analysis of Solar and Wind Power in Oman. J. Sci. Res. Electrotech. Electron. 2013, 48, 5–6.

106. Jathar, L.D.; Ganesan, S.; Shahapurkar, K.; Soudagar, M.E.M.; Mujtaba, M.; Anqi, A.E.; Farooq, M.; Khidmatgar, A.; Goodarzi, M.;

Safaei, M.R. Effect of various factors and diverse approaches to enhance the performance of solar stills: A comprehensive review.

J. Therm. Anal. Calorim. 2021, 1–32. [CrossRef]

107. Akram, N.; Montazer, E.; Kazi, S.; Soudagar, M.E.M.; Ahmed, W.; Zubir, M.N.M.; Afzal, A.; Muhammad, M.R.; Ali, H.M.;

Márquez, F.P.G. Experimental investigations of the performance of a flat-plate solar collector using carbon and metal oxides

based nanofluids. Energy 2021, 227, 120452. [CrossRef]

http://doi.org/10.1016/j.tej.2018.05.005
https://masdar.ae/en/masdar-clean-energy/projects/sharjah-waste-to-energy-project.
https://masdar.ae/en/masdar-clean-energy/projects/sharjah-waste-to-energy-project.
http://doi.org/10.1016/j.biortech.2012.04.081
http://www.ncbi.nlm.nih.gov/pubmed/22705960
http://doi.org/10.1016/j.indcrop.2012.06.024
http://doi.org/10.1016/j.biortech.2015.11.012
http://www.ncbi.nlm.nih.gov/pubmed/26609947
http://doi.org/10.3835/plantgenome2010.09.0022
https://ourworldindata.org/meat-production
https://www.ecomena.org/wte-pathways/
http://doi.org/10.1016/j.fuproc.2021.106997
http://doi.org/10.1016/j.renene.2015.06.007
http://doi.org/10.1016/j.csite.2014.09.004
http://doi.org/10.1016/j.jece.2021.105204
http://doi.org/10.1016/j.jece.2021.105657
http://doi.org/10.1016/j.wasman.2016.07.019
http://doi.org/10.1016/j.ceramint.2014.12.144
http://doi.org/10.1016/j.jwpe.2021.102017
http://doi.org/10.1016/j.rser.2020.110637
http://doi.org/10.1007/s10973-019-08153-4
http://doi.org/10.1007/s10973-019-08514-z
http://doi.org/10.1007/s10973-021-10826-y
http://doi.org/10.1016/j.energy.2021.120452


Sustainability 2021, 13, 10261 28 of 29

108. Khan, T.Y.; Soudagar, M.E.M.; Kanchan, M.; Afzal, A.; Banapurmath, N.R.; Akram, N.; Mane, S.D.; Shahapurkar, K. Optimum

location and influence of tilt angle on performance of solar PV panels. J. Therm. Anal. Calorim. 2020, 141, 511–532. [CrossRef]

109. Munawwar, S.; Ghedira, H. A review of Renewable Energy and Solar Industry Growth in the GCC Region. Energy Procedia 2014,

57, 3191–3202. [CrossRef]

110. Bierman, B.; Al-Lawatia, H.; DiFilippo, M.; O’Donnell, J. Deploying enclosed trough for thermal EOR at commercial scale. AIP

Conf. Proc. 2018, 2033, 030002. [CrossRef]

111. Al-Saidi, M. From Economic to Extrinsic Values of Sustainable Energy: Prestige, Neo-Rentierism, and Geopolitics of the Energy

Transition in the Arabian Peninsula. Energies 2020, 13, 5545. [CrossRef]

112. Alharbi, F.; Csala, D. GCC Countries’ Renewable Energy Penetration and the Progress of Their Energy Sector Projects. IEEE

Access 2020, 8, 211986–212002. [CrossRef]

113. Mofijur, M.; Fattah, I.M.R.; Alam, M.A.; Islam, A.B.M.S.; Ong, H.C.; Rahman, S.M.A.; Najafi, G.; Ahmed, S.F.; Uddin, M.A.;

Mahlia, T.M.I. Impact of COVID-19 on the social, economic, environmental and energy domains: Lessons learnt from a global

pandemic. Sustain. Prod. Consum. 2021, 26, 343–359. [CrossRef] [PubMed]

114. Mas’ud, A.A.; Wirba, A.V.; Alshammari, S.J.; Muhammad-Sukki, F.; Abdullahi, M.A.M.; Albarracín, R.; Hoq, M.Z. Solar Energy

Potentials and Benefits in the Gulf Cooperation Council Countries: A Review of Substantial Issues. Energies 2018, 11, 372.

[CrossRef]

115. Alnaser, W.E.; Alnaser, N.W. The Impact of the Rise of Using Solar Energy in GCC Countries. In Renewable Energy and Sustainable

Buildings: Selected Papers from the World Renewable Energy Congress WREC 2018; Sayigh, A., Ed.; Springer International Publishing:

Cham, Switzerland, 2020; pp. 167–183. [CrossRef]

116. GWEC. Global Wind Report 2017; Global Wind Energy Council: Brussels, Belgium, 2017.

117. Al-Salem, K.; Neelamani, S.; Al-Nassar, W. Wind energy map of Arabian Gulf. Nat. Resour. 2018, 9, 212–228. [CrossRef]

118. Ramli, M.A.M.; Twaha, S.; Al-Hamouz, Z. Analyzing the potential and progress of distributed generation applications in Saudi

Arabia: The case of solar and wind resources. Renew. Sustain. Energy Rev. 2017, 70, 287–297. [CrossRef]

119. Baseer, M.A.; Rehman, S.; Meyer, J.P.; Alam, M.M. GIS-based site suitability analysis for wind farm development in Saudi Arabia.

Energy 2017, 141, 1166–1176. [CrossRef]

120. Al-Sharafi, A.; Sahin, A.Z.; Ayar, T.; Yilbas, B.S. Techno-economic analysis and optimization of solar and wind energy systems for

power generation and hydrogen production in Saudi Arabia. Renew. Sustain. Energy Rev. 2017, 69, 33–49. [CrossRef]

121. Alharbi, F.; Csala, D. Saudi Arabia’s Solar and Wind Energy Penetration: Future Performance and Requirements. Energies 2020,

13, 588. [CrossRef]

122. Al-Marri, W.; Al-Habaibeh, A.; Watkins, M. An investigation into domestic energy consumption behaviour and public awareness

of renewable energy in Qatar. Sustain. Cities Soc. 2018, 41, 639–646. [CrossRef]

123. Marafia, A.H.; Ashour, H.A. Economics of off-shore/on-shore wind energy systems in Qatar. Renew. Energy 2003, 28, 1953–1963.

[CrossRef]

124. Bahaj, A.S.; Mahdy, M.; Alghamdi, A.S.; Richards, D.J. New approach to determine the Importance Index for developing offshore

wind energy potential sites: Supported by UK and Arabian Peninsula case studies. Renew. Energy 2020, 152, 441–457. [CrossRef]

125. Jahangiri, M.; Shamsabadi, A.A.; Mostafaeipour, A.; Rezaei, M.; Yousefi, Y.; Pomares, L.M. Using fuzzy MCDM technique to find

the best location in Qatar for exploiting wind and solar energy to generate hydrogen and electricity. Int. J. Hydrogen Energy 2020,

45, 13862–13875. [CrossRef]

126. Ganoe, R.E.; Stackhouse, P.; DeYoung, R.J. RETScreen® Plus Software Tutorial; National Aeronautics and Space Administration,

Langley Research Center: Hampton, VA, USA, 2014. Available online: https://ntrs.nasa.gov/api/citations/20150000447/

downloads/20150000447.pdf (accessed on 3 September 2021).

127. Bachellerie, I.J. Renewable Energy in the GCC Countries: Resources, Potential, and Prospects. 2012. Available online: http:

//library.fes.de/pdf-files/bueros/amman/09008.pdf (accessed on 3 September 2021).

128. Sgouridis, S.; Abdullah, A.; Griffiths, S.; Saygin, D.; Wagner, N.; Gielen, D.; Reinisch, H.; McQueen, D. RE-mapping the UAE’s

energy transition: An economy-wide assessment of renewable energy options and their policy implications. Renew. Sustain.

Energy Rev. 2016, 55, 1166–1180. [CrossRef]

129. Trichakis, P.; Carter, N.; Tudhope, S.; Patel, I.; Sgouridis, S.; Griffiths, S. Enabling the UAE’s Energy Transition—Top Ten Priority

Areas for Renewable Energy Policymakers; Ministry of Energy and Industry, UAE: Dubai, United Arab Emirates, 2018. Avail-

able online: https://www.emiratesnaturewwf.ae/sites/default/files/doc-2018-09/Enabling%20the%20UAE%E2%80%99s%

20energy%20transition_%20F4_EWSWWF_WEB.pdf (accessed on 3 September 2021).

130. Elgabiri, M.; Palmer, D.; Al Buflasa, H.; Thomson, M. Offshore wind energy potential for Bahrain via multi-criteria evaluation.

Wind. Eng. 2021, 45, 838–856. [CrossRef]

131. Haji, S.; Bin Shams, M.; Akbar, A.S.; Abdali, H.; Alsaffar, A. Energy analysis of Bahrain’s first hybrid renewable energy system.

Int. J. Green Energy 2019, 16, 733–748. [CrossRef]

132. Bin Shams, M.; Haji, S.; Salman, A.; Abdali, H.; Alsaffar, A. Time series analysis of Bahrain’s first hybrid renewable energy system.

Energy 2016, 103, 1–15. [CrossRef]

133. Al-Yahyai, S.; Charabi, Y.; Gastli, A.; Al-Alawi, S. Assessment of wind energy potential locations in Oman using data from

existing weather stations. Renew. Sustain. Energy Rev. 2010, 14, 1428–1436. [CrossRef]

http://doi.org/10.1007/s10973-019-09089-5
http://doi.org/10.1016/j.egypro.2015.06.069
http://doi.org/10.1063/1.5067018
http://doi.org/10.3390/en13215545
http://doi.org/10.1109/ACCESS.2020.3039936
http://doi.org/10.1016/j.spc.2020.10.016
http://www.ncbi.nlm.nih.gov/pubmed/33072833
http://doi.org/10.3390/en11020372
http://doi.org/10.1007/978-3-030-18488-9_13
http://doi.org/10.4236/nr.2018.95014
http://doi.org/10.1016/j.rser.2016.11.204
http://doi.org/10.1016/j.energy.2017.10.016
http://doi.org/10.1016/j.rser.2016.11.157
http://doi.org/10.3390/en13030588
http://doi.org/10.1016/j.scs.2018.06.024
http://doi.org/10.1016/S0960-1481(03)00060-0
http://doi.org/10.1016/j.renene.2019.12.070
http://doi.org/10.1016/j.ijhydene.2020.03.101
https://ntrs.nasa.gov/api/citations/20150000447/downloads/20150000447.pdf
https://ntrs.nasa.gov/api/citations/20150000447/downloads/20150000447.pdf
http://library.fes.de/pdf-files/bueros/amman/09008.pdf
http://library.fes.de/pdf-files/bueros/amman/09008.pdf
http://doi.org/10.1016/j.rser.2015.05.039
https://www.emiratesnaturewwf.ae/sites/default/files/doc-2018-09/Enabling%20the%20UAE%E2%80%99s%20energy%20transition_%20F4_EWSWWF_WEB.pdf
https://www.emiratesnaturewwf.ae/sites/default/files/doc-2018-09/Enabling%20the%20UAE%E2%80%99s%20energy%20transition_%20F4_EWSWWF_WEB.pdf
http://doi.org/10.1177/0309524X20925399
http://doi.org/10.1080/15435075.2019.1619567
http://doi.org/10.1016/j.energy.2016.02.136
http://doi.org/10.1016/j.rser.2010.01.008


Sustainability 2021, 13, 10261 29 of 29

134. Azam, M.H.; Abushammala, M. Assessing the Effectiveness of Solar and Wind Energy in Sultanate of Oman. J. Stud. Res. 2017.

[CrossRef]

135. Al Busaidi, A.S.; Kazem, H.A.; Al-Badi, A.H.; Farooq Khan, M. A review of optimum sizing of hybrid PV-Wind renewable energy

systems in oman. Renew. Sustain. Energy Rev. 2016, 53, 185–193. [CrossRef]

136. Praveen, R.; Keloth, V.; Abo-Khalil, A.G.; Alghamdi, A.S.; Eltamaly, A.M.; Tlili, I. An insight to the energy policy of GCC countries

to meet renewable energy targets of 2030. Energy Policy 2020, 147, 111864. [CrossRef]

137. Oman Observer. Wind Power Projects Planned in 7 Locations in Oman. Available online: https://www.omanobserver.om/

article/1105513/business/energy/wind-power-projects-planned-in-7-locations-in-oman (accessed on 28 August 2021).

138. Umar, T.; Wamuziri, S. Briefing: Conventional, wind and solar energy resources in Oman. Proc. Inst. Civ. Eng. Energy 2016, 169,

143–147. [CrossRef]

139. Soleimani, K.; Ketabdari, M.J.; Khorasani, F. Feasibility study on tidal and wave energy conversion in Iranian seas. Sustain. Energy

Technol. Assess. 2015, 11, 77–86. [CrossRef]

140. Greaves, D.; Iglesias, G. Wave and Tidal Energy; John Wiley & Sons: Oxford, UK, 2018.

141. Adiputra, R.; Utsunomiya, T.; Koto, J.; Yasunaga, T.; Ikegami, Y. Preliminary design of a 100 MW-net ocean thermal energy

conversion (OTEC) power plant study case: Mentawai island, Indonesia. J. Mar. Sci. Technol. 2020, 25, 48–68. [CrossRef]

http://doi.org/10.47611/jsr.vi.539
http://doi.org/10.1016/j.rser.2015.08.039
http://doi.org/10.1016/j.enpol.2020.111864
https://www.omanobserver.om/article/1105513/business/energy/wind-power-projects-planned-in-7-locations-in-oman
https://www.omanobserver.om/article/1105513/business/energy/wind-power-projects-planned-in-7-locations-in-oman
http://doi.org/10.1680/jener.16.00011
http://doi.org/10.1016/j.seta.2015.03.006
http://doi.org/10.1007/s00773-019-00630-7

	Introduction 
	Bioenergy Generation through Bioelectrochemical Systems in GCC Regions 
	Microbial Fuel Cells 
	Microbial Electrolysis Cell 
	Microbial Desalination Cell 
	Microbial Solar Cells 

	Biomass Energy Potential in the GCC Region 
	Solar Energy Potential in the GCC Region 
	Wind Energy Potential in the GCC Region 
	Recent Developments in Saudi Arabia 
	Recent Developments in Kuwait 
	Recent Developments in Qatar 
	Recent Developments in the UAE 
	Recent Developments in Bahrain 
	Recent Developments in Oman 

	Tidal Wave Energy Potential in the GCC Region 
	Conclusions 
	References

