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ABSTRACT

In the present era, energy is one of the key players in the sustainable development of a coun-
try from the economic, social, and environmental point of views. Saudi Arabia is one of the 
major oil producers in the world. Therefore, Saudi Arabia is using conventional fossil fuels as 
the main source of electrical energy generation. However, in order to diversify its economic 
sources and address environmental issues, the country has planned in Vision 2030 to exploit 
renewable energy resources. The objective of this study is to analyse the various sources of 
renewable energy in Saudi Arabia and evaluate the novel artificial photosynthesis technique 
in more detail. Evidence and data were reviewed from various articles, books, and conference 
proceedings to support this study. To conclude reviewing this technology, novel artificial pho-
tosynthesis techniques were narrowed down to prove how they can be one of the fossil fuel 
alternatives. Various suggestions have been given to prevent setbacks and to find alternative 
methods to overcome limiting factors.
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INTRODUCTION

Despite the growing attention towards renewable energy 
resources in recent years, fossil fuels are still the major 
source of global energy use. Around 84% of global primary 
energy comes from fossil fuels [1]. The three leading fossil 
fuels for energy consumption are coal, petroleum and natu-
ral gas of which coal is the cheapest and the most polluting, 
and oil the most abundantly used. Consequently, there has 

CLEAN ENERGY
TECHNOLOGIES 
JOURNAL

Highlights
• Saudi Arabia is gradually shifting towards the renewable

energy sources.
• Saudi Vision 2030 intends to generate up to 60 gigawatts

from renewable sources.
• Present research provides the viability of APS as an alter-

native energy source.
• Suggestions to overcome the limitations of APS execu-

tion highlighted in detail.

https://orcid.org/0000-0002-8599-1143
https://orcid.org/0000-0002-1804-2677
https://orcid.org/0009-0002-2212-8219
https://orcid.org/0000-0003-4920-0698
http://creativecommons.org/licenses/by-nc/4.0/


Clean Energy Technol J,, Vol. 1, No. 2, pp. 90−104, December, 2023 91

been a rapid incline in pollution and global warming. In 
order to counter the impact of pollution, world’s ministers of 
environment gathered at the United Nations Environment 
Assembly (UNEA) in 2017 to propose an ‘Implementation 
Plan’ that will help cut down use of non-renewable energy 
resources and help transition towards renewable energy 
resources [2].

Saudi Arabia has the second-largest proven crude oil 
reserves which in fact give it great influence in the global 
oil market. However, globally the overexploitation of non-
renewable reserves to fulfil the rising demands will dimin-
ish the depleting reserves and could be detrimental to the 
energy security of the country. As reported in some studies, 
“Middle Eastern countries’ major exporters of oil and natu-
ral gas, will not be able to supply and meet energy demands 
by the next 50 years” [3]. The Kingdom of Saudi Arabia 
already developed the layout plan for future energy demand 
and supply in the national Vision 2030 that targets to accel-
erate the efforts toward achieving sustainable development 
goals. It has a strategic framework to reduce Saudi Arabia’s 
dependence on oil, diversify its economy and protect the 
environment [4].

In the charter of Vision 2030, the renewable energy plan 
has been drawn and targets to ensure renewable energy 
progression that is one of the main priorities to achieve 
sustainable growth in the country [4]. The present study 
highlights the current situation of pollution and renewable 
energy at the global level and in the Kingdom, as well as the 
strategies and actions postulated in the Kingdom’s Vision 
2030 to cultivate a renewable energy sector in the region. 
In addition to famous renewable energy sources including 
wind, solar and geothermal, the novel artificial photosyn-
thesis (APS) option is discussed. 

The main objective of this research is to prove the via-
bility of APS as a secondary alternative to fossil fuels, as this 
topic has not been addressed in the past for this region and 
may pave the route to a novel approach to provide relief 
to the current energy scenario in the country. The steps 
of an APS process are explained and solutions to potential 
limitations are included in the paper. The effectiveness and 
efficiency of this process will be discussed, and major pros 
and cons are considered. A concise explanation of the use 
of renewable energy and fossil fuels is also given to set a 
background. The upshot of the study includes whether APS 
could be one of the renewable energy options in the coun-
try’s hybrid energy plan. 

This study has been performed by utilising data from 
various research studies, recent journal articles and peri-
odicals including Scopus, Web of Science, ERIC and 
ScienceDirect. It was made sure that the data referred to 
and used is from within the past decade or so. For detailed 
insight and background information, some data from an 
even earlier duration was also used. In the concluding sec-
tion, the barriers facing the implementation of artificial 
photosynthesis as a viable option in the Kingdom of Saudi 
Arabia have been addressed and recommendations for 

improvement to develop the renewable energy sector are 
also discussed. The solar energy conversion efficiency has 
improved from 1% to 10% during the last decade and cur-
rent studies expect even higher conversion in future devices 
[5]. The present study will be beneficial to energy planners, 
researchers and technological personnel for further explo-
ration and advancement.

FOSSIL FUELS AND ENVIRONMENT

Fossil fuels can be defined as: “Fossil fuel, any of a class 
of hydrocarbon-containing materials of biological origin 
occurring within Earth’s crust that can be used as a source 
of energy” [6]. In simple terms, decomposing plants and 
animals found in the Earth’s crust, composed of mainly 
hydrogen and carbon, that can be burned for energy. Some 
of the fossil fuels include coal, petroleum, natural gas, tar 
sands, bitumens, oil shales, and heavy oils. Their extraction 
is mainly based on two methods: mining and drilling, which 
also has adverse environmental effects on our biosphere.

Fossil Fuel Extraction and Effects on the Environment
Mining is usually done to extract solid fossil fuels 

such as coal and oil shales by digging or scraping the 
buried resources. In the mining process, the location is 
first deforested, then the topsoil is removed and saved for 
later reclamation. Fissile fuel extraction is done by various 
techniques, including mountaintop mining, underground 
mining, and hydraulic fracturing [7]. Mountaintop 
removal is usually done to access coal or oil shale deposits. 
This is a more damaging type of surface mining in which 
all of the overburden is removed with explosives, expos-
ing the coal seam. The large mass of the mountaintop is 
removed and placed into a nearby valley, and the coal is 
then removed [8]. Underground mining is a method used 
to access deeper fuel deposits. Liquid and gaseous fossil 
fuels such as natural gas and oil are extracted by drilling 
methods. Once the deposit is identified, a shaft or a tunnel 
is used to access the reserve. After that, ore is extracted by 
drilling, blasting, or using other extraction methods. By 
drilling a hole or an exit, these oils and gases are forced to 
flow out. Hydraulic fracturing is done in order to expand 
cracks or gaps in the earth’s crust containing fuel deposits. 
This is done by injecting water, chemicals, and sand with 
high pressure into the cracks, driving fuel towards the out-
side, and making it an easier task to extract them. In the 
hydraulic fracturing process, cracks and fractures are wid-
ened by injecting fluids, and proppant at high pressure. 
Proppant is a solid material, typically sand, treated sand 
or manufactured ceramic materials. Hydraulic fractur-
ing fluids commonly contain chemical additives in water 
and proppant that will help to open and enlarge fractures 
within the rock formation [9]. 

All of these methods can be a hazard to the environment 
and the health of the workers. The processes of explosion 
and digging release many pollutants to the surrounding 
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environment and community, and result in the alternation 
of the ecosystem. Associated air pollutants such as partic-
ulate matter, nitrogen oxides, and sulphur dioxide do not 
only raise health concerns, but they also have effects on 
all ecosystems. Air pollution contributes to issues such as 
water and soil acidification, chemical bioaccumulation in 
the food web and eutrophication. These processes create 
vast amounts of wastewater, emit greenhouse gases such 
as methane, release toxic air pollutants and generate noise. 
Studies have shown these gas and oil operations can lead to 
loss of animal and plant habitats, species decline, migratory 
disruptions and land degradation [10].

Although fossil fuels are cheap with well-developed 
machinery to extract them and are much more reliable 
in terms of energy efficiency, they pose a great threat 
to our environment and us. Nicoles (2022) says fossil 
fuels are the main cause of global warming. ‘Fossil fuels 
are the main driver of global warming. When they are 
burned, they release vast amounts of harmful byprod-
ucts called greenhouse gases (CO2, SO2, and NOx) and 
toxic pollutants (polycyclic hydrocarbons, mercury, and 
volatile chemicals) responsible for global warming and 
have multiple adverse effects on human health [11]. The 
greenhouse gases released into the atmosphere trap huge 
amounts of heat causing drastic changes in the weather 
patterns due to climate change and global warming. 
The inevitable price of using fossil fuels is not limited to 
these and spans health, economic, and social problems. 
Environmental concerns are increasing at an alarming 
rate [12]. As reported by recent studies (Figure 1) with all 
the measures, global CO2 emissions from fuel consump-
tion are increasing at an alarming rate [13].

Oil rig accidents can be caused by extreme weather, 
equipment malfunction, poor maintenance, or lack of safety 
equipment, which can result in fires and explosions. In 2010, 

a British petroleum oil spill occurred where an explosion 
sank the oil rig, causing a major oil leak when the oil well 
disconnected that went on for over four months. The central 
cause of the explosion aboard the drilling rig was a failure 
of the cement at the base of the 18,000-foot-deep well that 
was supposed to contain oil and gas within the wellbore. The 
accident resulted in killing about 34,000 birds and hundreds 
of other sea creatures in its wake (Figure 2) [13].

In 1952, a major environmental disaster occurred called 
‘The London’s Killer Fog’ where over 12,000 people were 
killed as soot covered the city buildings and thick black 
clouds covered the sky due to toxic fumes and smoke from 
the over burning of coal to fight the harsh winters cold. 
The cause of the disaster was the over burning of coal, and 
according to later investigations, on each day during the 

Figure 1. Global CO2 emissions from fuel consumption [1].

Figure 2. The BP deep-water horizon oil rig explosion, Gulf 
of Mexico in 2010 [13].
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foggy period, 1,000 tonnes of smoke particles, 2,000 tonnes 
of carbon dioxide, 140 tonnes of hydrochloric acid and 
14 tonnes of fluorine compounds were emitted [13]. This 
event gave a lesson to the public and the government and 
as a result, the British government passed and implemented 
the Clean Air Act in 1956. The act established smoke-free 
areas throughout the city and restricted the burning of 
coal in domestic fires as well as in industrial furnaces [14]. 
Despite the disastrous incidents due to fossil fuels, there are 
still many polluting fossil fuel plants around the world that 
need to be stopped or replaced with a renewable energy 
source. Cutting down the use of fossil fuel and other major 
polluting energy sources is imperative. 

POTENTIAL RENEWABLE ENERGY RESOURCES

A Renewable energy resource is one that can be used 
unlimited times as it is restored naturally [15]. Most renew-
able energy resources are considered sustainable. However, 
some renewable energy resources, if used up too fast or if 
they are harmful to the environment, could result in the 
resource becoming unsustainable. This means that the rate 
of use exceeds the rate of renewal [16].

Solar energy, wind energy, biofuel, hydropower, and 
geothermal energy are some of the most common renew-
able energy resources that may be referred to as unlimited 
energy resources. According to a report, renewable energy 
has the potential to reduce energy-related CO2 emissions by 
90% [17]. Researchers are also making continuous efforts 
to explore other renewable sources of energy, such as bio-
diesel, bioethanol, bioelectricity, biohydrogen, and bio-
hythane [18, 19].

As shown in Figure 3, there has been an impressive 
increase in renewable energy use in recent years. However, 
governments must take further action to ensure a major 
and swift transition towards renewable energy [20].

Wind Energy
Wind power is another form of renewable energy with 

old roots. It was used by humans to power their vessels 
across the open seas with the help of sails. It also had many 
applications in farming. The first recorded use of wind 
power in agriculture goes back to the 17th century BC when 
the Babylonians employed it in their irrigation systems. The 
earliest iterations of the windmill were used in Egypt in the 
1st century. According to the Flagship report of April 2020 
by International Energy Agency (IEA), during the year 
2020, use of renewable energy in various sectors augmented 
globally by 1.5% as compared to what it was in the year 
2019. Furthermore, more than 60 GW of wind power proj-
ects and about 100 GW of solar PV were installed during 
the year 2019 [21].

Solar Energy
Solar energy, in simple terms, is the energy from the 

sun due to nuclear fission that may be harvested by tech-
nological means for our use. Solar energy is harvested in 
two main ways: Photovoltaics (PV) and Concentrated Solar 
Power (CSP).

Photovoltaics
Solar energy is absorbed by PV cells in solar panels and 

in turn produces electricity. Energy Efficiency & Renewable 
Energy (2022) explains ‘When the sun shines onto a solar 
panel, energy from the sunlight is absorbed by the PV cells 
in the panel. This energy creates electrical charges that 
move in response to an internal electrical field in the cell, 
causing electricity to flow’ [22]. A schematic diagram in 
Figure 4 shows the PV system working principle.

Concentrated Solar Power
In Concentrated Solar Power (CSP), mirrors are used to 

force sunlight energy at a focal point making it concentrated 

Figure 3. Estimated renewable energy share of global electricity production in 2019 [20].
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enough to produce heat which can be utilised in various 
ways to generate electricity. Figure 5, depicts the various 
methods that can be used to harness solar energy using CSP 
such as: trough systems, power tower systems and parabolic 
dish systems [24].

Geothermal Energy
Geothermal energy is one of the renewable energy 

resources that can be utilised as an alternative source. The 
earth core is about 2,900 kilometres beneath the Earth’s 
surface and the temperature of the inner core is estimated 
to be about 6,000 degrees Celsius (°C). However, the tem-
peratures in the mantle range from about 200 °C near the 
mantle-crust boundary to about 4,000 °C near the man-
tle-core boundary. This energy can be harvested from feasi-
ble locations on the earth’s surface [26]. Geothermal energy 
provides sustainable baseload energy that can be used for 
district heating/cooling, water desalination, and even elec-
tricity generation.

The normalised cost of electricity from geother-
mal power projects averaged between USD 0.049 and 
USD 0.085 per kWh during the years 2010 to 2020 [27]. 
Geothermal energy is one of the contributors in covering 

rising energy demands in several countries, including New 
Zealand, Iceland, Kenya, El Salvador, and the Philippines. 
In fact, geothermal provided 90% of the energy share of 
heating demand in Iceland [28]. 

The geological structure and deep structural conditions 
of the Saudi Arabian land are promising for the develop-
ment of geothermal energy resource plans to provide alter-
native renewable energy in the region. Most of the feasible 
locations for geothermal energy harvesting are along the 
Red Sea due to high heat-flow from deep in the Earth. 
Two of the most suitable locations in the Kingdom’s Giga 
Projects indicated by studies are the Red Sea Development 
Project (near Al-Wajh) and NEOM [29].

The geothermal energy option is capital-intensive, 
which requires a higher initial investment than some other 
energy sources. Like wind and solar energy options, this 
option is only feasible in certain locations. Furthermore, 
air and water pollution are two major environmental issues 
linked with geothermal energy technologies. In addition to 
that, the safe disposal of hazardous waste, siting and land 
subsidence makes feasibility limited. Most geothermal 
power plants also require a large amount of water for cool-
ing or other purposes [30].

Figure 4. Schematic diagram visual of PV system working principle [23].

Figure 5. Pathway of implementing CSP to harness sunlight [25].
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Natural Photosynthesis
Natural photosynthesis has been the source of energy for 

all life on Earth either directly or indirectly as plants, algae, 
and some bacteria are mostly the only living organisms able 
to get their energy directly from the sun. BiologyOnline 
(2021) defines photosynthesis in technical terms as: ‘The 
synthesis of complex organic material using carbon diox-
ide, water, inorganic salts, and light energy (from sunlight) 
captured by light-absorbing pigments, such as chlorophyll 
and other accessory pigments’ [31]. Life on earth has always 
been in perfect sync as energy is cycled through at almost 
perfect efficiency. Energy in fossil fuels has indirectly come 
from the photosynthesis process. Photosynthesis is the 
chief example of an efficient renewable energy source. 

Natural photosynthesis process takes place in an organ-
elle called chloroplast. This process can be segmented into 
two main parts: Light dependent reaction, which takes 
place in the Thylakoid membrane, and light independent 
reaction or Calvin cycle, that takes place in the stroma as 
illustrated in Figure 6. Thylakoid membrane contains pho-
tosystem II, photosystem I, carriers or cytochromes, vari-
ous attached enzymes including NADP reductase, and ATP 
synthase. As light shines on a leaf, specifically PS II on the 
thylakoid membrane, 2 electrons from a manganese atom 
are released and are transported from one cytochrome to 
another down their energy level. This releases heat energy 
which helps draw in protons from the stroma into the thyla-
koid lumen. The build up of proton gradient causes the 
movement of protons through ATP synthase. In a process 
called chemiosmosis, each 3 protons cause an ATP mole-
cule to form, from ADP and an inorganic phosphate (Pi), as 
they move out of ATP synthase [32].

Meanwhile, energy from the sunlight activates water 
splitting enzymes adjacent to PS II causing water to be bro-
ken down into oxygen, protons, and electrons. Oxygen is 
released through stomata as a waste product. The electrons 
replace the lost electrons of manganese in PS II. The protons 

move to NADP reductase producing NADP-reduced or 
NADPH. The first stage of photosynthesis is complete and 
the products of the light dependent reaction are ATP, as an 
energy carrying vessel, and NADP reduced. These move to 
the light independent reaction or Calvin cycle [33].

The Calvin cycle occurs in the stroma of the chloroplast 
where CO2 and the products of light dependent reaction 
are utilised. This cycle consists of four main steps: carbon 
fixation, reduction, carbohydrate formation, and regener-
ation [34]. Ribulose 1,5-bisphosphate (RuBP), also known 
as Rubisco, is an enzyme that catalyses the CO2 fixation as 
it binds with it and an unstable carbon compound forms. 
The unstable compound goes under the splitting process 
forming glycerate phosphate (GP) acid. Subsequently, the 
reduction phase begins as NADP-reduced and ATP help 
reduce GP to phosphoglyceraldehyde (PGAL). NADP and 

Figure 7. An overview of the Calvin cycle [35].

Figure 6. Light dependent reaction on a section of thylakoid membrane [33].
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ADP are formed as reduction phase ends. One of the PGAL 
molecules forms glucose, amino acids, glycerol, fatty acids, 
etc. The other PGAL molecule carries forward to the regen-
eration phase as RuBP is produced again. Thus, continuing 
the Calvin cycle. An overview of the Calvin cycle is illus-
trated in Figure 7 [35].

The ultimate product of photosynthesis is the following 
reaction:

	 6H2O + 6CO2 + (sunlight) → C6H12O6 + 6O2 	 Equ (1)

Artificial Photosynthesis
As our society advances, its need for a much more effi-

cient, less polluting, and more reliable energy source rises. 
That’s where APS comes, which mimics the very natural 
process of photosynthesis that occurs in plants that sup-
ply all life on Earth with solar energy in various forms. In 
simple terms, the basic idea behind APS is to mimic the 
process that natural organisms use and mould it to fit our 
energy needs [36]. It is a device which enables us to capture 
and store solar energy in the form of a fuel like hydrogen or 
methanol rather than producing glucose.

Artificial Photosynthesis Process
Similar to how in the solar PV system the semiconduc-

tors in solar panels absorb solar energy and transform it 
into electrical energy, in APS, the semiconductors absorb 
solar energy and store it in “the carbon-carbon bond or the 
carbon-hydrogen bond of liquid fuels like methane or buta-
nol.” [37].

APS mimics natural photosynthesis; however, currently 
suggested materials utilised in artificial photosynthetic 
systems are not efficient, have less durability, are relatively 
uneconomical, and are sometimes toxic. A challenge in APS 
is to use cheap and environmentally friendly compounds as 
in natural photosynthesis. Although many intelligent strat-
egies must be encouraged and tested, learning from natural 
systems is indispensable [38].

The overall components of an APS system are the elec-
tricity supply to the system (ideally using PV panels), dry 
agriculture or liquid fuel production, hydrogen production, 
and carbon dioxide fixation [39]. PV cells are used to har-
vest solar energy to produce electricity which then powers 
the water splitting, fuel production, and CO2 reduction 
process. The main process of APS is hydrogen production 
through water splitting using solar energy. Solar energy 
conversion consists of light harvesting, charge separation, 
and catalysis. Silicon junctions in the PV cells harvest solar 
energy. This produces current for several photochemical 
reactions to occur in the solar cell producing photovoltage 
which initiates the water-splitting process in the presence 
of catalysts, such as cobalt oxide and manganese, forming 
hydrogen and oxygen. It also produces electrons that will 
be used in dry agriculture and liquid fuel production in the 
later stages of the process. Hydrogen is a valuable source 
of fuel for various purposes, including electric transport. 
If enough hydrogen fuel supply is established for electric 
transport, a major polluting factor can be crossed out from 
the long list of pollutants [40]. 

Dry agriculture or liquid fuels such as hydrocarbon 
methanol can be produced using CO2 which will also act 
as a CO2 fixation process. Electrons, CO2, and a section of 
hydrogen yield are used to produce ideal liquid fuels such 
as methanol. Naturally, living organisms convert inor-
ganic carbon in the form of CO2 to organic compounds 
that are used for energy storage. This process is done by 
photosynthesis and in some organisms by chemosynthesis. 
These processes can be biomimicked as water and carbon 
dioxide can be used in the presence of sunlight to produce 
hydrogen, oxygen, and hydrocarbon fuels or other organic 
compounds. This whole process serves as a carbon fixation 
process, and hydrogen and liquid fuel or dry agriculture 
production [41].

Device Prototype
A simple prototype for an APS device has been proposed 

by various professional researchers. The main process of 
APS can be graphically represented as shown in Figure 8.

Figure 8. A graphical representation of the main process of artificial photosynthesis [42].
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As seen in the diagram above, the input ports allow 
input of water. The photoelectrodes are responsible to act 
as the reaction surface where water is broken down into 
hydrogen and oxygen. The catalysts for this reaction are 
found on the photoelectrodes. These catalysts are efficient, 
increase the rate of reaction kinetics, and have a selective 
nature for the specific output of hydrogen and oxygen [42]. 
Using sunlight, the photoanode and photocathode generate 
voltage to carry out water splitting. The output ports allow 
storage or use of the resulting products. The oxygen is let 
out while hydrogen is either stored as fuel or taken to a liq-
uid fuel production segment. The membrane separates the 
electrolyte mixtures; water is on the left while hydrogen and 
oxygen on the right of the membrane [43].

Limitations of Artificial Photosynthesis
As seen in the dark reaction or Calvin cycle of the nat-

ural photosynthesis process, ribulose bisphosphate acts as 
a very important molecule for carbon fixation. Although 
possible substitutes have been used, it’s still a challenge for 
scientists to produce a molecule which is more or on par, 
in terms of efficiency, with ribulose bisphosphate. Another 
drawback, which can be considered a major one, is that due 
to the nature of this form of energy source, it’s impossible 
to implement it worldwide. The most efficient and depend-
able regions worldwide are selective. Although not globally, 
thankfully many regions such as gulf countries including 
Saudi Arabia (Figure 9) receive the needed amount of sun-
light for this method to be viable [44].

The conversion efficiency of solar to chemical energy, 
although industrially feasible, seems low for it to be a 
major viable energy source. The efficiency is still quite high 
being at least 10% or higher [36]. However, the efficiency 

scaling up is still a major problem. In natural photosyn-
thesis, organic catalysts that are unstable are used but have 
a peculiar characteristic of self-healing. This character-
istic can’t be achieved in any artificial catalyst used by us. 
Substitute metal oxides and various other catalysts can be 
used but they lack the same efficiency [45].

Some Quantitative Facts
In reality, natural photosynthesis is an inefficient pro-

cess and usually has an efficiency below 1%, with some 
exceptions such as sugarcane in tropical climates [46]. 
However, APS utilises the most energetically efficient pri-
mary events of light capture, charge separation and charge 
transfer. According to studies, more than 40% solar light is 
absorbed by n-type semiconductors, which makes APS a 
promising technique [46]. To date, the efforts to commer-
cialise APS have been fruitful, and it will soon be a viable 
alternative fuel source. Some researchers used photovolta-
ic-coupled electrolysers incorporating the workings of both 
a solar cell and an electrochemical cell in two steps. In that 
configuration, APS has demonstrated the most efficient 
conversion as high as 30% [46]. 

Comparison of Artificial Photosynthesis with Other 
Technologies

Although artificial photosynthetic technology has 
demonstrated the potential of applying this tool in various 
applications other than fuel production, there are still areas 
which require keen investigation to come up with viable 
solutions to make this technology practical. Among them 
the issues of cost and yield in fuel production are of prime 
importance to be resolved. A large number of studies have 
been done in the past as shown in Table 1, to achieve better 

Figure 9. Global photovoltaic power potential in 2019 [44].
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yield and conversion efficiencies [39], however, researchers 
are still hopeful to bring the technology to a commercial 
level [47]. As shown in the Table 1, various PV cell materi-
als were tested, and among them TiO2 hydrogenated-crys-
tals gave a conversion efficiency of more than 26% during 
hydrogen production. These materials and light sources are 
among the controlling parameters. These studies demon-
strated optimistic and encouraging results in terms of con-
version efficiencies and the yields.

Comparison and Trend in Cost of Renewable Energy
According to the International Renewable Energy 

Agency (IRENA), in 2019, the energy produced from 
renewable sources was comparable in price to that of fos-
sil fuels [57]. IRENA set targets to implement renewable 
energy by gradually replacing conventional energy sources. 
Accordingly, IRENA stated that by the necessary invest-
ment and implementation, renewable energy sources could 
effectively supply 86% of the world’s projected energy needs 
by the year 2050 [58, 59]. 

At present, the cost of renewable hydrogen production is 
8 to 9 times higher than when it is produced by natural gas 
steam methane reforming, which is only $ 1.39/kg H [58]. 
Table 2 shows the cost comparison of various fossil and renew-
able energy sources. The estimates depend on the location, 
such as availability of solar flux in the solar energy option and 
availability of fuel reserves in the case of oil and gas options. 

As shown in Figure 10, the temporal variation of capi-
tal cost of various renewable energies is declining with the 
advancement in materials and technology. Among them, 
the decrease in cost of solar photovoltaic systems is signif-
icant, mainly due to the development of more advanced 
materials and reduction in fabrication and installation 
costs. Similarly, a significant reduction is expected with the 
increase in conversion efficiency as well as the decrease in 

fabrication cost of APS setups. The trend is encouraging 
and demands an active contribution of researchers to come 
up with a viable economic and practical option for APS. 
Furthermore, with the increase in the cumulative energy 
capacity, the installed cost per watt also reduces [60]. It is 
also expected that for APS, depending on whether it is a 
standalone or hybrid system, significant reduction in the 
cost is anticipated [61]. Therefore, in the pace of switching 
from conventional energy sources to innovative and any 
possible renewable energy sources during the year 2020, 
the U.S. Department of Energy (DOE) announced a 5-year 
funding plan of $100 million towards research on APS. This 
investment by the DOE shows the expectations and com-
mitment of the country in the area of APS. Studies in the 
past and the present study concludes that this technology 
has the potential to be a part of the energy mix in relieving 
the world’s current energy dilemma [62].

Table 2. Cost comparison of various fossil and renewable 
energy sources [59, 63, 64, 65].

Renewable Energy Type Cost ($/kW-hr)
Coal & Oil 0.05-0.15
Natural Gas 0.043-0.06
Nuclear 0.093-0.12
Concentrated Solar Power 0.108-0.34
Wind onshore 0.038-0.10
Wind offshore 0.106-0.13
Solar Photovoltaic 0.036-0.381
Solar Thermal 0.12-0.165
Geothermal 0.04-0.09
Biomass 0.09-0.108
Hydroelectric 0.039-0.05

Table 1. Comparison of research on APS in terms of conversion efficiencies and the yields

Type of Fuel 
Produced

PV Cell Material Light Source Conversion Efficiency (%)/ 
Production Rate (mmole/hr)

Reference

Hydrogen Boron-doped p-Si microwires 100 mW/cm2, ELH-type 
W-halogen

9.6 [48]

Hydrogen p-InP with TiO2 passivation and
Ru cocatalyst

100 mW/cm2 14.0 [49]

Hydrogen Black hydrogenated TiO2 crystals Visible and infrared light 26.1 [50
Hydrogen ZnO-ZnS nanowires 100 mW/cm2 Production rate of H2: ~ 4.29 [51]
Hydrogen Boron-doped g-C3N4 with Pt and 

Co(OH)2 cocatalyst
Simulated solar illumination Production rate of H2: 0.033 [52]

Hydrogen 3D macropore carbon-vacancy 
g-C3N4

300 W Xe lamp Production rate of H2: 0.065 [53]

Methane g-C3N4/TiO2 with MnOx and Au
cocatalyst

Visible light: λ > 420 nm, 300 W 
Xe lamp

Production rate of CH4: 0.14 [54]

Methane Carbon quantum dot/protonated Visible light: λ > 400 nm, 500 W Production rate of CH4: 0.037 [55]
Methane TiO2@ZnIn2S4/ Ti3C2 MXene 300 W Xe lamp, 200 < λ < 800 nm Production rate of CH4: 0.011 [56]
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An exact and complete economic estimation for the 
overall operation of an APS plant, involving operational 
site selection, plant construction, acquisition of raw mate-
rials and energy, distribution of products, and balancing of 
income/expenditure is not easy. However, based on current 
information about material and process efficiency, a sim-
ple model estimate for the production feasibility can be 
demonstrated. Estimates presented in a previous study can 
be utilised to customise cost based on location, material 
and conversion efficiency.

It is estimated that 7900 tonnes of H2 can be generated 
annually by 1 km2 of solar flux region with a solar to hydro-
gen efficiency of 10%. If an H2 to methane conversion effi-
ciency of 70.8% as an average is considered, 11,200 tonnes 
methane per year can be produced by providing 71,100 
tonnes of water and 43,500 tonnes of CO2 annually with an 
expenditure of 1.23 × 1013 J year-1 of electric energy for the 
filter pumps as the major part of ancillary energy. The pro-
duced amount of energy is corresponding to 17.789 MW 
annually [69].

DISCUSSION

Present studies show that APS is a promising option 
leveraging sunlight to drive chemical reactions. The pho-
to-electric cells can be used to perform both hydrogen 
evolution reactions and oxygen evolution reactions–mim-
icking the natural photosynthetic processes after capturing 
and storing solar energy as chemical energy in the form 
of hydrogen [70]. The process is promising; however, it is 
necessary to design more efficient materials with a careful 
balance between light absorption, charge separation, and 
redox reaction kinetics to achieve optimal performance. 
Overcoming the stated dares compels continual research 
and progress [71].

Detailed review shows that some researchers have 
developed biomimetic approaches, complexes that mimic 
the structure and function of the active sites in hydroge-
nases and photosystems to catalyse the hydrogen evolution 

reaction and oxygen evolution reaction, respectively. These 
catalysts are targeted to utilise the same contrivances which 
are used in the natural process. This approach significantly 
increases the efficiency of these reactions. This biomimetic 
approach has been utilised to develop catalysts that con-
vert CO2 into biofuels, other useful chemicals and effec-
tively enhance the selectivity of the process which will help 
to produce the required specific product. The design and 
development of such biomimetic systems is difficult and 
challenging. At present, it is required to mimic the complex-
ity of APS as accurately as possible, which should be a sta-
ble and efficient assimilation of components. Furthermore, 
these designs have to be scaled up for real life applications. 
Although these limitations may seem overwhelming, most 
of these limitations have viable substitutions and aren’t 
limited by possibility. Trial and error is an important part 
in the advancement of any technology. With increased 
advancement in technology, many of these setbacks can 
be overcome. Present study shows that the present pace 
of development will lead to a robust process, and it holds 
enormous prospective for the imminent future of artificial 
photosynthesis. It is also evident that probing into the light 
capture mechanisms, charge separation pathways, catalytic 
routes, and formation of final products provided significant 
developments in APS [70]. 

Energy and Related Pollution Situation in Saudi Arabia
The Kingdom of Saudi Arabia is the owner of the second 

largest crude oil reserves in the world. Fossil fuel combus-
tion is one of the chief causes of greenhouse gases emissions 
in the country. It is mainly due to the fact that almost all of 
Saudi Arabia’s domestic energy demand was met by util-
ising fossil fuels [71]. According to studies, the country’s 
CO2 emissions reached 18 tons per capita annually [72]. 
According to the World Bank report, the annual green-
house gas emission levels have been persistently growing, 
on average, over the last couple of decades [71]. Recent 
studies reported that the per-capita annual CO2 emissions 
from 1969 to 2020 have increased by around 3.65% [73]

Renewable Energy and Vision 2030 Plan of Saudi Arabia
As per the plan of Saudi Vision 2030, Saudi Arabia is 

fully committed to becoming a renewable energy state [4]. 
Saudi Vision 2030 considers renewable energy more than 
oil and mineral resources as one of the pillars for the growth 
of the country’s economy. The Kingdom is ambitious to 
achieve self-reliance by focusing on the numerous and 
significant branches of the Saudi economy. Plans accord-
ing to the Vision 2030 give priority to localising the man-
ufacturing and fabrication related equipment in the local 
industries [4].

In order to handle the current emission and pollution 
levels of the country, active actions towards renewable 
alternatives have been started to fulfil its growing energy 
demand. Saudi Vision 2030 and its implementations in the 
roadmap show the robust potential of various renewable 

Figure 10. Temporal variation in renewable energy cost 
[66, 67, 68].
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energy sources as alternatives to fossil fuels in Saudi Arabia 
[74]. According to the plan, the target is to achieve 27.3 
GW of renewable power capacity by 2023 and 58.7GW by 
2030. However, at its current rate of renewables develop-
ment (an average of 0.1 GW/year, between 2010-2021), it 
will lead to a shortfall of 25.8 GW towards its 2023 target 
[74]. In fact, efforts towards achieving the targets started 
earlier by implementation of the first 2 MW PV system 
installed on the roof of King Abdullah University of Science 
and Technology (KAUST) in Saudi Arabia during the year 
2010 [75], and 10 MW solar power plants in Al-Oyainah 
and Al-Khafji. Similarly, a 500 kW photovoltaic plant with 
a capacity of 864 MWh/year was commissioned on Farasan 
Island during October 2011 [76].

In the year 2012, a thermal solar plant was inaugurated 
at Princess Noura University for Women (PNUW), the 
largest of its kind in the world. Covering an area of 36,160 
m², it has a power capacity of up to 25 MW [75]. A 10 MW 
PV carport system was constructed by Saudi Aramco at 
their headquarters in Dhahran [75]. During the year 2012, 
a solar park of 3.5 MW was built by Aramco King Abdullah 
Petroleum Studies and Research Centre in Riyadh [77]. A 
solar village project of 1.5 MWh/d of electric energy was 
built near Al-Jubailah, Al-Uyaynah and Al-Higera [78]. 
According to the plan, three strategic renewable energy 
projects have already been started; a 300 MW solar PV plant 
at Sakaka, a 2,400 MW wind energy plant in Midyan, and 
another with the same capacity in Dumat Al-Jandal [79].

Mix Renewable Energy Sources Plan of Saudi Arabia
Although information about the implementation of 

renewable energy in the Kingdom is available, limited 
information is available about the possibility of APS as one 
of the components of the energy plan. This study is contrib-
uting to filling the gaps in the present literature about the 
key solutions to the major limitations, which are becoming 
the main obstacles in the implementation of APS and the 
contribution of this option during the energy transforma-
tion in the Kingdom.

This study also sought to explore the existing literature 
about the success in transforming from conventional to 
renewable energy by utilising different renewable energy 
options (wind, solar and geothermal), including APS in 
general and specifically in the Kingdom, which is planned 
according to the vision 2030 of the Kingdom. The main idea 
of the research is to evaluate the possibility of APS as an 
alternative source of renewable energy in the country. The 
current study also identified the key limitations and obsta-
cles in adopting this renewable energy option during the 
pace of transforming the energy scenario of Saudi Arabia. 

In the present scenario and future plans based on the 
Saudi Vision 2030 and their implementations, the road 
map shows potential for renewable energy options; how-
ever, APS needs a strategic plan to achieve feasibility com-
parable to the other options at present. Furthermore, there 

is a need to develop an efficient molecular catalysis which 
will advance the achievement of a viable APS system [5]. 
It is recommended that photosynthesis may be developed 
in conjunction with wind, solar and geothermal sources of 
renewable energy as a mix. 

CONCLUSIONS

Every country should take steps to understand and man-
age their greenhouse gas emissions by preparing annual 
greenhouse gas inventories and setting long-term targets to 
reduce emissions from fossil fuel burning. Several options 
exist to transition away from a fossil fuel economy. Solar, 
biomass, wind, geothermal, and APS could be sources of 
renewable energy in the country’s energy mix plan. To con-
clude, the implementation of APS technology in most sun-
light rich regions such as Saudi Arabia was proved to be an 
efficient, environmentally friendly, and viable addition to 
other renewable energy resources. With an almost unlim-
ited supply of water for hydrogen fuel production, sunlight, 
carbon dioxide abundance, and various efficient catalysts 
such as manganese and cobalt oxide, APS is proven to be 
an ever-present renewable energy resource. Although it has 
high potential, APS needs more active research to enable 
its addition into the vastly implemented renewable energy 
methods such as wind and solar power. This research and 
review article provides initial review and is limited to the 
knowledge available in the literature. The limitations were 
studied, and alternative methods were adopted. It is sug-
gested to conduct extensive research to produce simple liq-
uid fuels, such as methanol, hydrogen and dry agriculture 
for initial prototype implementation. As APS provides an 
additional option to get renewable and sustainable energy, 
researchers are sure that in the future this option will stand 
along with the present day renewable energy options. At 
present, researchers are trying to search various sources of 
renewable energy that can provide some relief to the accel-
erating demand of energy to tackle the situation before any 
energy crises.

According to the Saudi Vision 2030, the country intends 
to fully commit itself to becoming a renewable state [4]. The 
kingdom initially set itself a primary target of producing 9.5 
GW of renewable energy [71], with plans of generating up 
to 60 GW by the year 2030, 40 GW of which would be solar 
power with the other 20 GW consisting chiefly of wind 
power and other renewable sources [80]. The kingdom has 
allocated around $117 billion into this ambitious endeav-
our [81]. According to the Saudi Vision 2030, the country 
has developed plans and implementation of plans are in 
progress to adopt renewable energy options including wind 
and solar energy; however, APS requires more research to 
achieve feasibility like that possessed by other renewable 
energy options. It is recommended that photosynthesis 
be developed as a renewable energy source in conjunction 
with wind, solar and geothermal energy options in the 
country. Furthermore, by directing the research towards 
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prevailing limitations and concentrating on the design 
of materials, catalysis reactions, interface engineering, 
and optimised design of reactors, the feasible way for the 
advancement of efficient and sustainable artificial photo-
synthesis systems can be achieved. It is strongly expected 
that the cost of APS technology will become affordable 
over time. Sustained efforts on this track will be helpful in 
achieving the full potential of artificial photosynthesis as an 
auspicious possibility for a secondary source of renewable 
energy generation. The authors concluded by mentioning 
the requirements for more flexible policy options which 
will help to accelerate the adoption of renewable energy in 
the country [82].
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