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Abstract: The growth of population, gross domestic product (GDP), and urbanization have led to an
increase in greenhouse gas (GHG) emissions in the Kingdom of Saudi Arabia (KSA). The leading
GHG-emitting sectors are electricity generation, road transportation, cement, chemicals, refinery, iron,
and steel. However, the KSA is working to lead the global energy sustainability campaign to reach
net zero GHG emissions by 2060. In addition, the country is working to establish a framework for the
circular carbon economy (CCE), in which hydrogen acts as a transversal facilitator. To cut down on
greenhouse gas emissions, the Kingdom is also building several facilities, such as the NEOM green
hydrogen project. The main objective of the article is to critically review the current GHG emission
dynamics of the KSA, including major GHG emission driving forces and prominent emission sectors.
Then, the role of hydrogen in GHG emission reduction will be explored. Finally, the researchers and
decision makers will find the helpful discussions and recommendations in deciding on appropriate
mitigation measures and technologies.

Keywords: greenhouse gas emissions; hydrogen; renewable energy; Saudi Arabia

1. Introduction

It is one of the most significant challenges of our time to ensure that everyone on the
planet has access to affordable, reliable, and sustainable energy, considering population
growth, climate change, fossil fuel reserves, and energy security concerns. The energy
sector is booming around the world, and this is particularly true in Saudi Arabia. Because
of this phenomenon, the demand for fossil fuels is rising on a national and global scale.
The country’s oil industry heavily influences socioeconomic development in Saudi Arabia.
In 2010, Saudi Arabia was the world’s largest producer and exporter of total petroleum
liquids and the world’s second-largest crude oil producer [1–3]. Oil accounts for over 80%
of Saudi Arabia’s budget revenues, 45% of GDP, and 90% of export earnings. This makes
the economy vulnerable to the volatile global oil market [4]. Furthermore, the oil industry
is highly exposed to international trade. Global climate change policy will significantly
impact the world’s development in a carbon-constrained manner.

As one of the world’s carbon dioxide (CO2) emitters, Saudi Arabia has a wide range
of sectors that contribute to its high emissions levels, including electricity generation, road
transportation, chemical, construction, and petroleum industries [5–7]. The GHG emissions
reduction strategies from various sectors have been examined in several studies [8,9]. For
example, Rahman et al. [10] summarized GHG emissions from the KSA’s transportation
sector, including several mitigation measures. Based on a comprehensive literature review,
it is observed that there is no comprehensive study on multisector GHG emission dynamics
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with an alternative mitigation approach in the Kingdom. Particularly, the contribution
of H2 in mitigating GHG emissions in the Kingdom is not comprehensively discussed in
the literature. Therefore, this study included an analysis of the historical fossil fuel-based
energy consumption trend, a method of forecasting energy consumption, and a study of
projected and estimated GHG emissions. Different mitigation options and the contribution
of H2 in the mitigation of GHG are reviewed in this work. Among the several energy sectors,
the electricity generation system emits a large amount of GHG due to burning many fossil
fuels. Thus, in [7], GHG emission reduction from the electricity generation sector of the
KSA is discussed considering several aspects such as electric power generation dynamics,
strategies and initiatives towards the mitigation of GHG from the electricity sector, carbon
capture, utilization, and sequestration (CCUS), and energy efficiency measures. The role of
CO2 capture and storage (CCS) in shaping Saudi Arabia’s future energy policy is broadly
discussed in [11]. First, a thorough evaluation of the CCS strategic context should consider
Saudi Arabia’s CCS research activities and CO2 emissions and storage potential. Then,
it examines stakeholder views on Saudi Arabia’s role in CCS by surveying oil and gas
professionals in the Middle East and North Africa (MENA). Adopting a strategy, policy, or
program is essential to reduce GHG emissions from several sectors. These strategies focus
on rationally using energy and energy-efficient technologies and devices.

A promising alternative to the future fossil fuel-based energy systems seems to be
hydrogen-based. This is because it is an environmentally friendly fuel and has increased
efficiency [12]. With almost zero greenhouse gas emissions potential, hydrogen can be
produced from various resources, including wind, solar, natural gas, geothermal, and
biomass [13]. In [14], considering the long-term energy scenario, the economic benefits and
role of hydrogen and synthetic energy carriers in Germany were studied. The excellent
correlation between de-carbonization aims and the fraction of hydrogen-based carriers in
final energy demand highlights the importance of meeting climate targets. Furthermore,
value creation benefits of around 16 billion EUR/a can be anticipated for hydrogen-based
carriers in 2050. On the other hand, poor lignocellulose waste management creates severe
environmental contamination and health problems. Due to the ongoing depletion of
traditional biofuels, converting such wastes, particularly sugarcane bagasse, into bioenergy
is a sustainable solution. In [15], biogenic H2 production from sugarcane bagasse with a
sustainable fermentation approach was introduced. In [16], a graphene/hydroxyapatite
nano-composite was reported to increase H2 productivity from delignified duckweed.

The top global economies, including the United States, China, Japan, Germany, India,
the United Kingdom, France, and others, have initiated developing hydrogen projects to
reduce GHG emissions. For instance, a road map to a USA hydrogen economy has been
developed by a consortium of the fuel cell, fuel oil, hydrogen, electricity, and automotive
industries [17]. This in-depth road map explains how, if policymakers and businesses take
the appropriate actions, the USA can increase its position as a global energy leader by
increasing engagement in the quickly developing and growing hydrogen economy. One
of the world’s largest producers and users of hydrogen is China. China has raised its
annual hydrogen output by 6.8% since 2010 to reach 33 million tons in 2020 [18]. Since
2020, a process that has been gaining momentum, hydrogen has been incorporated into
several high-level national energy and technology development strategies. A hydrogen
development plan for the years 2021 to 2035 was published in March 2022 by China’s top
economic planner, further accelerating the country’s use of hydrogen. Other G20 nations,
including the KSA, have developed a long-term plan for hydrogen generation, specifically
renewable energy-based green hydrogen, to fight climate change [19,20].

As per the intergovernmental panel on climate change (IPCC) Sixth Assessment Re-
port, in some situations and land-based transportation sectors, hydrogen and hydrogen
derivatives with low greenhouse gas emissions, such as synthetic fuels, may provide
promise for mitigation [21]. The hydrogen for energy and feedstock, carbon capture and
utilization technologies, and innovation in circular material flows can help decarbonize
most industrial processes. While Net Zero CO2 energy systems will have some commonali-
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ties, the implementation in each nation will vary depending on local conditions. Net zero
CO2 energy systems will typically have the following characteristics [22–26]: (1) Electricity
systems that produce no net CO2 or remove CO2 from the atmosphere. (2) Widespread
electrification of end uses, such as light-duty transportation, space heating, and cooking.
(3) Significantly lower use of fossil fuels than today. (4) Use of alternative energy carriers,
such as hydrogen, bioenergy, and ammonia to replace fossil fuels in sectors less amenable
to electrification. (5) More efficient electrical systems. How rapidly and far production tech-
nology advances, such as from electrolysis bio-gasification and fossil fuel reforming with
CCS sources, will determine the future role of hydrogen and hydrogen derivatives [27,28].
In general, and across all industries, using energy is directly more efficient than creating
hydrogen, ammonia, or artificial low-GHG hydrocarbons, which results in ever higher
conversion losses. However, hydrogen does give power generated from clean variable
sources more flexibility in time and place. This flexibility can be used to make hydrogen,
store electricity in fuel cells or turbines, or provide raw materials for manufacturing.

According to the discussions, the available literature lacks a thorough analysis of
multisector GHG emission dynamics with potential mitigation approaches in the Kingdom.
Particularly, the contribution of H2 in mitigating GHG emissions in the Kingdom is not
comprehensively discussed in the literature. To bridge this gap, H2 in mitigating GHG
emissions is reviewed in this work. This study critically investigates the GHG emissions of
the KSA from several sectors. It discusses the major driving forces for emissions, sectorial
emissions, and emissions from different sources. Another distinguishing feature of this
review is that it provides a comprehensive list of recommendations to reduce GHG emission
in the KSA from several factors so that the country can achieve net zero emissions by 2060.
In addition, the prospects of green hydrogen in the KSA are discussed to mitigate GHG
emissions. Moreover, it is expected that the researchers will find the discussions and
recommendations of the article worthwhile while shaping up their future research in
developing technologies for GHG emission reduction with hydrogen fuel.

The remainder of the article has the following structure: Section 2 describes the current
GHG emission scenario of the country, focusing on emissions and factors of emissions.
Then, Section 3 presents the role of hydrogen in GHG emission mitigation after providing
its potential uses. Finally, this review is concluded in Section 4.

2. Historical Greenhouse Gas Emission Trends
2.1. Major Driving Forces of GHG Emission

The KSA stands at the crossroads of the Arab and Islamic worlds. Saudi Arabia is
the Middle East’s largest country and has the world’s 18th-largest economy [29]. Saudi
Arabia now has 0.45% of the world’s population [29]. However, Saudi Arabia’s population
continues to rise due to its thriving economy and the influx of expatriates worldwide. Ac-
cording to the United Nations, Saudi Arabia’s population will be 35.34 million in 2021 [30].
This represents a 1.50% increase from 34.81 million in 2020, which is expected to continue
to rise until 2060. Saudi Arabia’s average population growth rate is 1.59%. If the current
trend continues, the population will reach 44.6 million by 2050 [31]. As seen in Figure 1,
the Kingdom’s population has been on the rise for several decades. However, due to the
government’s new expatriate depopulation policies, the population growth rate is expected
to drop by 1.09% by 2030 and another 0.27% in the next 30 years. It is generally known that
energy demand and supply increase as the population rises. Therefore, associated CO2
emissions will also rise. According to the CO2 emission data released by ‘Our World in
Data’ as presented in Figure 1, it is clear that as the population increases, CO2 emission
increases over the years [32,33].

The proportion of a country’s population living in cities is called urbanization. In
2020, cities accounted for 84.29% of Saudi Arabia’s population. As a result, the Kingdom
of Saudi Arabia is one of the world’s most urbanized countries, with eight out of ten
inhabitants living in cities. Saudi Arabia has witnessed substantial urbanization since the
1950s. Saudi Arabia’s urban population has grown from 21% in 1950 to 58% in 1975 to 83%
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in 2015 and is expected to reach 86% by 2030 and 90% by 2050 [34]. Due to the rapid urban
population growth, major urban settlements have sprung up to accommodate the demand
for new housing, companies, industrial sectors, and transportation infrastructure. New
road infrastructures are being created to handle rising urbanization and meet the travel
demand. These new road infrastructures will give access and mobility to the increased
traffic. As a result, the transportation sector’s use of fossil fuel-based energy increases,
as does the sector’s GHG emissions, particularly when private transportation is used
by 92% of urban residents [35]. To serve the city’s people and improve the Kingdom’s
economic fortunes, many utility businesses and significant GHG emissions sectorial drivers
are concentrated in the cities. As a result, metropolitan areas likely account for most of
the Kingdom’s GHG emissions. As shown in Figure 1, CO2 emissions follow a similar
trajectory to urbanization.
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Another vital component of the Kingdom’s progression is its economy. The GDP has
been upward over the years. The Kingdom has been increasing its economic fortunes
over the years. The Kingdom’s economic importance was globally recognized in 2008 by
enlisting the country among the G20 due to its crucial importance as a pricing force in the
world’s energy markets. In addition, the Kingdom has the world’s eighth sovereign wealth
fund [37]. Its entry into the G20, which includes the world’s largest and fastest-growing
economies, has increased its influential role as a solid industrial and financial base in the
global economy. Aggressive economic activities are going on locally to achieve this global
economic feat. Significant expansion of oil infrastructures has been pursued while new
resources are being extensively explored. This positive economic trajectory implies that
there will be more GHG emissions, except green scientific approaches are applied to the
current processing infrastructures. Therefore, like the urbanization rate, the GDP has a very
close positive correlation with CO2 emission.
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2.2. Sectorial Emissions

Dissecting each sector’s contribution to the Kingdom’s CO2 emission is pertinent.
The performance of different sectors such as energy, industrial processes, product use,
waste, agriculture, land use change, and forestry decide the Kingdom’s CO2 emission
curve pattern. One of the most powerful energy sources in the world today is fossil fuel.
Saudi Arabia is the world’s largest producer and exporter of total petroleum products, and
its economy is heavily dependent on oil and petroleum-related industries [38]. Similarly,
Saudi Arabia’s domestic energy consumption has dramatically risen during the last three
decades [39]. The rising population, rising living standards, and the population movement
to the urban areas contributed to the high domestic energy consumption. As a result,
energy consumption is growing, and as a result, GHG emissions are rising [40]. Therefore,
according to the 2019 fourth assessment report (AR4), the total emissions of GHG were esti-
mated at 646.42 Mt, of which the energy sector contributed 81.7%, 10.2% from the industrial
process sector, 5.5% from waste, 2.1 % from agriculture, and 0.53 % from others [33].

Figure 2 shows the GHG contribution of critical sectors to the Kingdom’s total GHG
emissions for the years 1990, 2000, 2010, and 2019. As can be seen, the energy sector has
the highest share (more than 80% for all studies years), so it is more sensible to investigate
the energy source categories. The primary source categories of the energy sector were
electricity generation, road transportation, industry, and residential, which accounted for
around 36.7 %, 21%, 14%, and 0.77% of total CO2 emissions, respectively, in 2019, according
to International Energy Agency (IEA) [41]. The total CH4 emissions were estimated at
4.7 Mt, of which 29% were contributed by the waste sector, 68% by the energy sector, and
1.9% by the agriculture sector in 2019 [33]. The total emissions of N2O in Saudi Arabia
were 60 Kt in 2019. Approximately 66.6% of the total N2O emissions were generated
only by agriculture. The waste sector contributed about 7.9% of the total N2O emissions.
Industrial process and product use contributed 8.6%, while energy contributed 5.3% [42].
After the energy sector, industrial processes and product use contributed 10.2% to the
Kingdom’s GHG emissions in 2019. Industrial processes and product use include cement
manufacturing, petrochemical manufacturing, fertilizer manufacturing, iron and steel
manufacturing, and other industries. Fuel combustion is a significant source of energy for
these sectors. Therefore, according to a national report released in 2016, total emissions
from fuel combustion in these activities were 60,179 Gg CO2, 4.94 Gg CH4, and 0.15 Gg N2O.
The major contributors to CO2 and CH4 emissions in this category were activities associated
with the petrochemical, cement, and fertilizer sectors. Aside from GHG emissions from
the energy source, the operation of these industries also generates GHG. In the industrial
sector, cement production produced the most CO2 (52%), followed by iron and steel
manufacturing (38%) and ammonia production (9%). Chemical manufacturing was this
industry’s single source of 35.7 Gg of CH4 emissions. The cement sector was the leading
source of N2O emissions from the manufacturing and construction industries, followed by
the petrochemical and fertilizer industries [43].

The generation of solid waste (SW) in the Kingdom of Saudi Arabia has been in-
creasing due to population increase, urbanization, and industrial development. Hence,
the accompanying greenhouse gas (GHG) emissions are also rising. The waste sector
produces greenhouse gases because of industrial and municipal solid waste management
and wastewater treatment facilities. Saudi Arabia’s waste sector accounted for 5.5% of the
country’s total greenhouse gas emissions in 2019. Landfilling, recycling, and incineration
are all options for solid waste disposal. In specific landfill regions, recyclables are sepa-
rated. In Saudi Arabia, solid waste incineration is strictly controlled and prohibited on
landfill grounds. As a result, landfills account for most greenhouse gas emissions from
solid waste management. CH4 accounts for around half of the greenhouse gas produced
in landfills. The amount of CH4 produced by solid waste management is projected to be
598 Gg, accounting for 76% of total methane produced. Municipal and industrial wastewa-
ter treatment plants additionally produce about 4.24 Gg of CH4. Methane emissions from
total waste are expected to increase at an average annual rate of 5.13% between 2020 and
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2050, reaching over 4000 Gg by the end of the year 2050, according to a study based on
various population and GDP development scenarios [44].
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Agriculture is another sector that insignificantly contributes to the Kingdom’s CO2
emission. According to 2019 GHG emission data, agriculture contributed 13.7 Mt (2.1%)
of GHG to the Kingdom’s total GHG. Over the last few decades, the Kingdom’s agricul-
tural development has seen substantial changes because of new policies to ensure food
security. The government has supported this trend by transforming vast swaths of desert
into farming land. This was made possible through the implementation of large-scale irri-
gation projects and the adoption of large-scale mechanization. Saudi Arabia’s agriculture
is currently centered on the production of wheat, dates, fish, poultry, and other agricul-
tural products, as well as the export of part of these volumes to neighboring nations and
worldwide players. The government has launched many policies to maintain continuous
development in the sector [43]. Under agriculture, according to the 2016 report of the 2010
GHG data inventory, field burning of agricultural leftovers was responsible for 100% of
the CO2 emissions of the agriculture sector. Enteric fermentation accounted for 80% of
CH4 emissions (59,270.6 tons), manure management accounted for 17.6% (13,085.6 tons),
and field burning of agricultural residues accounted for 0.02% (1707.7 tons). Agricultural
soils were responsible for 70% (19,772.8 tons) of agricultural N2O emissions, with manure
management accounting for 30% (8590.1 tons) [43].

3. Role of Hydrogen in GHG Emissions Reduction
3.1. Uniqueness of Hydrogen

This energy and hydrogen have a long history; more than 200 years ago, hydrogen
powered the first internal combustion engines and is now a crucial component of the
modern refining sector. It emits no greenhouse gases or pollutants and is light, storable,
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and energy dense. However, it is necessary to adopt hydrogen in areas where it is virtually
nonexistent, such as transportation, buildings, and power generation, to significantly
contribute to clean energy transitions. The future of hydrogen is a thorough and unbiased
examination that outlines the industry’s current state, how it may contribute to developing
a clean, secure, and cost-effective energy future, and how to realize its promise [45]. In
normal earth conditions, hydrogen is a colorless, tasteless, odorless, and non-poisonous
gas. Although hydrogen is an abundant element, it is not found in its pure form, as it easily
mixes with other ingredients. It is also the lightest element, with a density of 0.08988 g
per liter at standard pressure. The utilization of hydrogen as a fuel depends on several
significant chemical properties mentioned below [46]:

X The hydrogen can be kept under higher pressure or as a liquid at extremely low
temperatures to boost the volumetric energy density.

X It has an effective energy content per weight (almost three times that of gasoline), but
at typical temperatures and pressure, the energy density per volume is relatively low.

X Due to excellent flammability, hydrogen may be ignited and burned with little energy.
X Hydrogen combustion releases no sulfur, carbon dioxide (CO2), or particle pollutants.

Thus, it supports sustainable development.
X Renewable resources can be used to make hydrogen by electrolyzing water generally

fed to the gas network to bypass the constrained electricity systems.

Several factors, such as storage of fluctuating renewable energy, emission reductions
from transportation and industry sectors, and utilization of existing storage and pipeline
infrastructure, dominate the current interest in hydrogen as an energy source and commodity.

3.2. Use of Hydrogen

Hydrogen has been considered a promising alternative fuel for various industries and
technologies due to its high energy content and zero greenhouse gas emissions when used
in fuel cells. Therefore, it can be used for various industries and technologies. Hydrogen
fuel cell vehicles (FCVs) have been manufactured as an alternative to gasoline and diesel
vehicles for transportation. FCVs are powered by hydrogen fuel cells that convert hydrogen
and oxygen into electricity, with the only byproducts being water and heat. According to a
report by the International Energy Agency, the number of FCVs on the planet’s roads will
reach approximately 10 million by 2030 [47].

It can be used as an energy storage medium, particularly for intermittent renewable
energy sources such as wind and solar power. This excess energy can be used to produce
hydrogen via water electrolysis and stored for later use. When hydrogen is required, it can
be used to generate electricity in fuel cells [48]. It can be utilized in gas turbines and other
combustion engines to produce electricity. It can also be used to generate electricity in fuel
cells with high efficiency and no greenhouse gas emissions [49]. It can also be utilized as a
building fuel for heating and cooling. It can be burned in furnaces and boilers to generate
heat or in fuel cells to generate electricity and heat [50].

It can serve as a feedstock to produce chemicals in the industrial sector, including
ammonia, methanol, and hydrogen peroxide. These chemicals are widely employed in
producing fertilizers, plastics, and pharmaceuticals in the chemical industry.

3.3. Hydrogen Value Chain

Production, storage, distribution, and consumption make up the three segments of the
hydrogen value chain. To assure safety, reduce costs, and ensure adherence to rules, norms,
and standards in each domain requires experts [51]. The value chain of hydrogen can be
realized in Figure 3. Hydrogen, produced by water electrolysis, is used in the fuel cell.
During chemical reactions in the fuel cell, water appears again as a byproduct to complete
a circular cycle. The use of renewable energy for the production of green hydrogen is
considered a sustainable way. This has been made possible in nations such as the United
States, China, Canada, Brazil, and others where hydroelectric power plants generate a large
amount of electrical energy and where there are times of the year when there is excess
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energy supply than the actual demand. Thus, this extra energy is utilized in the electrolysis
process to generate hydrogen. It provides an alternative method of utilization of electric
power. The resulting hydrogen can then be stored or applied to various chemical processes,
whether traditional or energetic. Similarly, electrical energy derived from other renewable
energies, such as wind, solar, or ocean energy, may also be used for the electrolysis of
water to produce hydrogen [52–54]. In these circumstances, producing hydrogen by water
electrolysis with renewable energy has two additional advantages.
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The first is that hydrogen production facilitates uncertainty management of renewable
energy generation, which is inherently intermittent. When there is a lack of water, wind,
sun, or ocean activity but still a need for energy, the hydrogen that has previously been
produced and stored can be used to make electricity using fuel cells and turbines [55–57].
The second advantage of storing hydrogen is that it can serve as a buffer to increase the
robustness of an entire country’s or region’s energy system, considering all methods used
to produce renewable electricity and stabilizing a localized electric energy distribution
network [58]. Most of the waste produced in metropolitan and rural areas is organic. A
significant amount of sewage is also produced, left untreated, or only partially treated
before being released into the environment. Bacteria, viruses, protozoa, and parasites are
typically present in sewage and are carried by it. All sewage and organic waste from
cities and rural areas can be processed to create hydrogen or hydrogen-rich gases. This de-
carbonization with hydrogen has two different effects on the industry. The first concerns the
accessibility of superior thermal energy and pure electricity. Many devices and systems can
be powered by fuel cells, and feeding hydrogen to burners and heat exchangers can provide
low-grade and high-grade heat. The second is the availability of feedstock, especially for
the chemical industries, which was formerly produced using fossil fuels and was made up
of a variety of hydrocarbons but can now be alternatively produced using hydrogen and
biomasses, making them of renewable origin and allowing the use of the same industrial
processes already in use to create the end products [59].

The use of hydrogen is likely to reduce carbon emissions in two more industries:
transportation and distributed combined heat, power, and cooling generation [60]. First,
the increasing number of cars in cities and heavy-duty vehicles for long distances create a
significant environmental and social barrier. Even though people use vehicles for personal
purposes and because of the freedom of movement they symbolize, light- and heavy-
duty vehicles, such as buses and forklifts, have quickly acquired market share thanks to
hydrogen fuel cells [61]. The second one offers the additional benefit of switching from
centralized combined heat and power generation and distribution over long distances,
which results in energy losses and high overall inefficiency, to distributed combined heat
and power generation. This technique takes advantage of the technological advancements
made to avoid and control the dispersion of harmonics into the grid and the existing legal
framework for exploiting the well-established distributed power generation using wind
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and solar energy systems [62]. On the other hand, harmonics have several negative impacts,
such as damaging equipment and reducing life expectancy and dependability. A summary
of the hydrogen value chain is provided in Table 1.

Table 1. Summary of hydrogen value chain (adopted from Ref. [63]).

Value Chain Applications Evaluation

Use of hydrogen as
electricity storage Electric energy sector X High cost

X De-carbonization only in the electricity sector

Hydrogen production
from excess electric energy

Electric energy and
heat sector

X Hydrogen generation entirely depends on excess electric energy.
X This works under only specific conditions.

Use of hydrogen as a
commodity

Energy, green chemicals,
and mobility

X Low cost.
X The market potential is very high.
X Importing hydrogen through pipelines facilitates de-carbonization.
X Centralized and decentralized plants can be used for the

production mix.

3.4. Applications of Hydrogen in Saudi Arabia for GHG Emission Reduction

As per the 2030 vision of the KSA, the ministry of energy has an ambitious plan to
integrate about 40 GW of PV systems by 2030. Also, the KSA is working to achieve zero
carbon emissions by 2060 [64]. Thus, the KSA is exploring ways to become the top hydrogen
supplier in the world to help reach this goal. In response to growing requests worldwide
to reduce climate change risk, major economies, including the US, China, India, EU, and
Saudi Arabia, announced Net Zero emissions strategies in 2021. Energy production, use,
and transportation will significantly change as society moves closer to a net zero economy.
This implies that the energy industry will drastically reduce its carbon footprint to provide
cleaner and more environmentally friendly electricity in the future.

Due to its unique properties, hydrogen is anticipated to significantly decarbonize
the entire global energy supply chain over the next three decades. According to the IEA
Designing and Communicating Net-Zero Special Report [65], as the production of H2 is
anticipated to increase six-fold by 2050 to meet rising demand in shipping, road transporta-
tion, and heavy industry, approximately 75% of the cumulative emissions reductions in
the net zero emissions scenario are related to H2. It is regarded as a type of energy carrier,
much like electricity. Most of the present production and usage occurs in petrochemical
and refinery plants, which process hydrocarbons such as diesel or create chemicals such as
ammonia and methanol. As a result, the potential of hydrogen as an energy carrier has not
yet been fully realized [66]. According to the most recent hydrogen insights report by the
hydrogen council, however, there has been a rapid acceleration toward the H2 economy,
with over three hundred announced large-scale projects spanning from renewable-based
H2 to industrial use and infrastructure development.

The current methods for producing hydrogen need a lot of energy and emit carbon
into the atmosphere. This type of hydrogen is commonly known as “grey hydrogen”.
Grey hydrogen also comprises grid-connected water electrolysis, a sizeable hydrocarbon-
dependent component of the power mix [67]. Environmentally friendly hydrogen man-
ufacturing processes capture the accompanying carbon emissions. For instance, steam
reforming of hydrocarbons in conjunction with CCUS (carbon capture, utilization, and
storage) technology can reduce atmospheric carbon dioxide emissions. Blue hydrogen is
produced using this technique. Alternately, hydrogen can be made by electrolyzing water
and utilizing clean electricity to separate the hydrogen atoms from the oxygen molecules.
“Green hydrogen” is the term used to describe this process. At the moment, green hy-
drogen is pricey. However, improvements in performance and economies of scale for
electrolyzers, along with dropping costs for renewable energy, may eventually make them
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competitive [68]. These improvements include the development of alternative production
technologies such as electrolysis and advances in hydrogen production methods’ efficiency
and capital costs [69,70]. The economic viability of hydrogen is rising because of these
technological advancements and the falling price of renewable energy. The development
of further improvements in hydrogen-based technology is also accelerating. By 2030, gas
turbines might exclusively run on hydrogen instead of the blended fuels they currently
use, which range in volume from 5 to 95% [71]. Since the early 2000s, fuel cell costs have
been reduced by 80–95% while power density and durability have increased [72,73]. Plan-
ning for the significant growth of low-carbon energy infrastructure, including low-carbon
power generation and hydrogen production, is becoming increasingly necessary to support
emissions reductions in the transportation sector [74].

In 2020, Saudi Arabia presided over the G20 countries. Throughout its tenure, the KSA
played a leading role in advancing the circular carbon economy framework, a practical
international strategy for managing fugitive carbon emissions. As a result, the G20 member
countries’ energy ministers accepted this framework, which is viewed as a comprehensive
approach to lowering emissions. The conventional “take-use-dispose” paradigm is the
linear economy’s foundation. In contrast, the CCE emphasizes energy and carbon flows
while using circularity to advance sustainability. Four pillars—reduce, reuse, recycle, and
remove—form the foundation of the CCE. The effectiveness of each pillar in reducing
carbon emissions depends on the technology, resources, and conditions in each country,
as well as supportive policies [68]. A technology-agnostic strategy, such as the CCE, is
essential for lowering atmospheric carbon emissions at the lowest possible cost because
no single solution works for all nations. In the CCE, hydrogen serves as a cross-cutting
facilitator [75]. It can cross the four pillars due to its adaptability in various applications
and low-carbon manufacturing methods, as shown in Figure 4. On the supply side, carbon
emissions can be decreased by switching from grey hydrogen production to blue or green
hydrogen production.
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The largest utility-scale, commercial-based hydrogen facility fueled by renewable
energy is the NEOM green hydrogen project [76]. The joint venture between NEOM, Air
Products, and ACWA Electricity project would incorporate cutting-edge integration of
a combined capacity of over four gigawatts of renewable power from solar, wind, and
storage and is based on proven world-class technology. When put into operation in 2026, it
will create 1.2 million tons of green ammonia annually using Haldor Topsoe technology,
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650 tons per day of hydrogen by electrolysis using ThyssenKrupp, and nitrogen by air
separation using air products technology. Once completed, the project will reduce the
annual impact of 3 million tons of carbon dioxide.

4. Conclusions

Greenhouse gases can have a wide range of environmental and health consequences.
Due to their role in trapping heat, they play a role in global warming and respiratory disease
caused by smog and other air pollution. Other consequences of human-caused climate
change include increased wildfires, weather extremes, and disruptions to food supplies.
Therefore, reducing GHG emissions is crucial for sustainable development. This paper
summarized the GHG emission dynamics of Saudi Arabia and found the energy sector
as the dominant GHG emitter (almost 82% in 2019), followed by other sectors, industrial
process and product use, waste, and agriculture. Energy sector CO2 emissions have risen
by nearly 300% in 2019 compared with those in 1990. Developing green hydrogen facilities
in several ongoing ambitious projects may lead to significant emission reduction in the
country. The initiative will also help the Kingdom become a leading hydrogen supplier.
The government has already investigated ways to establish a hydrogen supply chain by
making hydrogen a cross-cutting facilitator within a circular carbon economy framework.
The Kingdom has also constructed several facilities to reduce GHG emissions, such as the
NEOM green hydrogen project. Therefore, the researchers and decision makers can regard
this paper as essential guidelines for mitigating GHG emissions.
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22. Abdin, Z.; Zafaranloo, A.; Rafiee, A.; Mérida, W.; Lipiński, W.; Khalilpour, K.R. Hydrogen as an energy vector. Renew. Sustain.
Energy Rev. 2020, 120, 109620. [CrossRef]

23. Brändle, G.; Schönfisch, M.; Schulte, S. Estimating long-term global supply costs for low-carbon hydrogen. Appl. Energy 2021,
302, 117481. [CrossRef]

24. Davis, S.J.; Lewis, N.S.; Shaner, M.; Aggarwal, S.; Arent, D.; Azevedo, I.L.; Benson, S.M.; Bradley, T.; Brouwer, J.; Chiang, Y.-M.;
et al. Net-zero emissions energy systems. Science 2018, 360, 6396. [CrossRef] [PubMed]

25. DeAngelo, J.; Azevedo, I.; Bistline, J.; Clarke, L.; Luderer, G.; Byers, E.; Davis, S.J. Energy systems in scenarios at net-zero CO2
emissions. Nat. Commun. 2021, 121, 6096. [CrossRef]

26. Pye, S.; Broad, O.; Bataille, C.; Brockway, P.; Daly, H.E.; Freeman, R.; Gambhir, A.; Geden, O.; Rogan, F.; Sanghvi, S.; et al.
Modelling net-zero emissions energy systems requires a change in approach. Clim. Policy 2020, 21, 222–231. [CrossRef]

27. El Mrabet, R.; Berrada, A. Hydrogen production and derivatives from renewable energy systems for a best valorization of
sustainable resources. Hybrid Energy Syst. Model. 2021, 2021, 343–363. [CrossRef]

28. Tarhan, C.; Çil, M.A. A study on hydrogen, the clean energy of the future: Hydrogen storage methods. J. Energy Storage 2021,
40, 102676. [CrossRef]

29. Aljarallah, R.A. An assessment of the economic impact of natural resource rents in kingdom of Saudi Arabia. Resour. Policy 2021,
72, 102070. [CrossRef]

30. Yusuf, N.; Shesha, L.S. Economic Role of Population Density during Pandemics—A Comparative Analysis of Saudi Arabia and
China. Int. J. Environ. Res. Public Health 2021, 18, 4318. [CrossRef] [PubMed]

31. The World Bank. Population, Total|Data; The World Bank: Washington, DC, USA, 2020.
32. Friedlingstein, P.; O’sullivan, M.; Jones, M.W.; Andrew, R.M.; Hauck, J.; Olsen, A.; Peters, G.P.; Peters, W.; Pongratz, J.; Sitch, S.;

et al. Global Carbon Budget 2020. Earth Syst. Sci. Data 2020, 12, 3269–3340. [CrossRef]
33. Andrew, R.M.; Peters, G.P. The Global Carbon Project’s Fossil CO2 Emissions Dataset; Zenodo: Geneva, Switzerland, 2021.
34. United Nations/DESA. World Urbanization Prospects—Population Division; United Nations: New York, NY, USA, 2019.
35. Ritchie, H. Sector by sector: Where do global greenhouse gas emissions come from?—Our World in Data. Our World Data. 2020.

Available online: https://ourworldindata.org/ghg-emissions-by-sector (accessed on 19 March 2023).
36. Friedlingstein, P.; Jones, M.W.; O’Sullivan, M.; Andrew, R.M.; Bakker, D.C.; Hauck, J.; Le, Q.C.; Peter, G.P.; Peters, W.; Pongratz, J.;

et al. Global Carbon Budget 2021. Earth Syst. Sci. Data 2022, 14, 1917–2005. [CrossRef]

http://doi.org/10.1016/j.rser.2017.04.056
http://doi.org/10.1016/j.rser.2011.12.003
http://doi.org/10.1016/j.rser.2016.11.047
http://doi.org/10.1016/j.ijggc.2012.08.008
http://doi.org/10.1504/IJNHPA.2006.009869
https://afdc.energy.gov/fuels/hydrogen_benefits.html
https://afdc.energy.gov/fuels/hydrogen_benefits.html
http://doi.org/10.1016/j.seta.2023.103037
http://doi.org/10.1016/j.ijhydene.2021.09.200
http://doi.org/10.1016/j.fuel.2022.125537
https://www.fchea.org/us-hydrogen-study
https://www.fchea.org/us-hydrogen-study
https://ptx-hub.org/factsheet-on-china-the-worlds-largest-hydrogen-producer-and-consumer/
https://ptx-hub.org/factsheet-on-china-the-worlds-largest-hydrogen-producer-and-consumer/
https://g20sideevents.id/news/photo/202/accelerating-green-hydrogen-technologies-and-energy-storage-for-the-energy-transition.html
https://g20sideevents.id/news/photo/202/accelerating-green-hydrogen-technologies-and-energy-storage-for-the-energy-transition.html
http://doi.org/10.1016/j.egyr.2022.07.058
https://www.ipcc.ch/report/ar6/wg3/
http://doi.org/10.1016/j.rser.2019.109620
http://doi.org/10.1016/j.apenergy.2021.117481
http://doi.org/10.1126/science.aas9793
http://www.ncbi.nlm.nih.gov/pubmed/29954954
http://doi.org/10.1038/s41467-021-26356-y
http://doi.org/10.1080/14693062.2020.1824891
http://doi.org/10.1016/B978-0-12-821403-9.00010-X
http://doi.org/10.1016/j.est.2021.102676
http://doi.org/10.1016/j.resourpol.2021.102070
http://doi.org/10.3390/ijerph18084318
http://www.ncbi.nlm.nih.gov/pubmed/33921729
http://doi.org/10.5194/essd-12-3269-2020
https://ourworldindata.org/ghg-emissions-by-sector
http://doi.org/10.5194/essd-14-1917-2022


Sustainability 2023, 15, 5639 13 of 14

37. Bazoobandi, S. Old Fund, New Mandate: Saudi Arabia’s Public Investment Fund (PIF). Int. Polit. Econ. Ser. 2021, 207–231.
[CrossRef]

38. Khondaker, A.N.; Rahman, S.M.; Malik, K.; Hossain, N.; Razzak, S.A.; Khan, R.A. Dynamics of energy sector and GHG emissions
in Saudi Arabia. Clim. Policy 2014, 15, 517–541. [CrossRef]

39. Krane, J.; Wilson, W.S. Energy Governance in Saudi Arabia: An Assessment of the Kingdom’s Resources, Policies, and Climate Approach;
Rice University’s Baker Institute for Public Policy: Houston, TX, USA, 2019.

40. Rahman, S.M.; Khondaker, A.N.; Hossain, M.I.; Shafiullah, M.; Hasan, M.A. Neurogenetic modeling of energy demand in the
United Arab Emirates, Saudi Arabia, and Qatar. Environ. Prog. Sustain. Energy 2017, 36, 1208–1216. [CrossRef]

41. International Energy Agency. Energy and Carbon Tracker Users Guide 2020 Edition Energy and Carbon Tracker Users Guide How to Use
This Product; International Energy Agency: Paris, France, 2019.

42. Gütschow, J.; Jeffery, M.L.; Gieseke, R.; Gebel, R.; Stevens, D.; Krapp, M.; Rocha, M. The PRIMAP-hist national historical emissions
time series. Earth Syst. Sci. Data 2016, 8, 571–603. [CrossRef]

43. Ministry of Energy Industry and Mineral Resources. Third National Communication of the Kingdom of Saudi Arabia; Ministry of
Energy Industry and Mineral Resources: Riyadh, Saudi Arabia, 2016; pp. 173–174.

44. Selimuzzaman, S.M. Present and Future Solid Waste Management Practices in Saudi Arabia to combat Greenhouse Gas Emissions.
In Proceedings of the 12th International Conference on Computational Science and Its Applications, Bahia, Brazil, 18–21 June
2012; pp. 1–13.

45. De Miranda, P.E.V. Science and Engineering of Hydrogen-Based Energy Technologies: Hydrogen Production and Practical Applications in
Energy Generation; Academic Press: Cambridge, MA, USA, 2019; pp. 1–38.

46. Hydrogen Properties|Connecticut Hydrogen-Fuel Cell Coalition. Available online: https://chfcc.org/hydrogen-fuel-cells/
about-hydrogen/hydrogen-properties/ (accessed on 2 August 2022).

47. Global EV Outlook 2020—Analysis—IEA. Available online: https://www.iea.org/reports/global-ev-outlook-2020 (accessed on
14 March 2023).

48. Hydrogen Production and Delivery|Hydrogen and Fuel Cells|Hydrogen and Fuel Cells|NREL. Available online: https:
//www.nrel.gov/hydrogen/hydrogen-production-delivery.html (accessed on 14 March 2023).

49. Pan, G.; Bai, Y.; Song, H.; Qu, Y.; Wang, Y.; Wang, X. Hydrogen Fuel Cell Power System&mdash; Development Perspectives for
Hybrid Topologies. Energies 2023, 16, 2680. [CrossRef]

50. The Future of Hydrogen—Analysis—IEA. Available online: https://www.iea.org/reports/the-future-of-hydrogen (accessed on
14 March 2023).
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