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Abstract: Combating climate change by reducing greenhouse gas (GHG) emissions has become an
obligation for countries that ratified the Paris Agreement. Saudi Arabia, as a member of the Paris
Agreement, pledged to achieve net zero emissions (NZE) by 2060. This endeavor is challenging for
all countries. This paper provides an analysis and assessment of the Saudi measures to achieve NZE
by 2060. The analysis reveals that Saudi Arabia will reduce the total net emissions to 49.67 Mt of
CO,eq, whereas under a business-as-usual scenario, the emissions would reach 1.724 million tons
(Mt) of CO; equivalent (COzeq). The study reveals that sectors conducting environmental, social,
and governance ratings (ESG) and those where the government is a stakeholder are on the right track
and will facilitate the government’s efforts in reaching NZE. The gap in reaching NZE will be mainly
due to the Saudi steel and cement industries.

Keywords: Carbon Capture, Utilization, and Storage (CCUS); Circular Carbon Economy (CCE);
climate change; GHG; Nationally Determined Contribution (NDC); Net-Zero Emissions (NZE); Saudi
Green Initiative (SIG)

1. Introduction

Climate change has been linked to the increase in greenhouse gas (GHG) emissions
due to anthropogenic activities, such as the burning of fossil fuels and deforestation [1].
For example, CO, concentration has increased by more than 40% (from 280 ppm in 1850 to
more than 400 ppm in this century) due to human activities [2].

One of the Provisions of the Paris Agreement is to achieve net-zero emissions (NZE)
in the second half of this century [3]. The Kingdom of Saudi Arabia, as one of the countries
that ratified the Paris Agreement, pledged to reach NZE by 2060.

Achieving NZE is a challenging goal for almost all counties, let alone a country whose
economy is growing and heavily depends on the hydrocarbon industry. The Saudi Vision
2030 was announced on 25 April 2016 to be in tandem with the NZE journey.

This paper contributes to Saudi Arabia’s journey toward fulfilling its pledge to reach
NZE by 2060. In this paper, the policies, technologies, and strategies for reducing emissions
are benchmarked in the context of Saudi measures to achieve NZE. This benchmark could
assist policymakers in considering the introduction of additional measures such as carbon
tax and credit policy. The paper provides an assessment of Saudi measures to reduce
emissions. A forecast is presented concerning Saudi emissions until 2060 based on an
analysis of the current emissions and the measures being applied to reduce emissions by
analyzing each source of emission separately. In addition to analyzing the emission sources,
the impact of the Saudi Green Initiative, which plays a significant role in sequestering CO,
(carbon sink), was analyzed.
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2. Methodology
This paper attempts to answer the following questions:

1.  Will Saudi Arabia be able to reach NZE by 2060?
2. Are Saudi measures to reduce emissions sufficient?

Figure 1 shows a summary of the research methodology.
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Figure 1. Research Methodology.

To answer the first question, each industry that contributes to the emissions was ana-
lyzed together with the relevant mitigation measures that are under execution. A forecast
of the emissions from each source was developed based on assumptions that incorporate
the future growth and the potential effects of the mitigation measures announced by the
Saudi government and the initiatives that are under implementation. The announced mea-
sures cover the present period until 2030. Accordingly, via extrapolation and substantiated
assumptions, a forecast was developed to estimate the net emissions by 2060.

The discrepancies in the available emission data and the calculation methods can result
in uncertainty of £10% to £50% [4]. The emission estimates and the forecast were based
on the most excessive published estimates, and the worst-case scenario was utilized in
forecasting the growth. By applying the 2006 Intergovernmental Panel on Climate Change
(IPCC) Guidelines for National Greenhouse Gas Inventories for any source of emissions,
the results would be lower than the estimate of this study [5]. The discrepancy between
the actual and the estimated emissions for a particular year should be acceptable since



Energies 2023, 16, 978

3 0f24

the study attempts to forecast 35 years ahead, where the plus and minus tolerance in the
estimates will offset each other over the years.

Regarding the Saudi measures to reduce emissions, several studies were reviewed
to determine and discuss the commonly implemented measures [6-19]. Subsequently, a
benchmark of the Saudi measures reported in the 2021 Nationally Determined Contribution
(NDC) [20] was conducted against the common measures to reduce emissions.

Section 3 provides a background of GHG, the Paris Agreement, and the measures
to reduce and remove GHG emissions. Section 4 covers the 2021 Saudi NDC. Section 5
provides the emissions forecast analysis for Saudi Arabia. Section 6 provides a general
discussion, and the conclusion is presented in Section 7.

3. Literature Review
3.1. GHG

CO,, represents approximately 72% of GHGs, CH4 corresponds to 18%, N, O to 6%, and
SF6, HFC, and PFC together represent 3%. The potency in trapping heat varies significantly
among the six gases [21]. In some studies, other non-anthropogenic gases are presented as
GHG:s, for instance, water vapor (H,O) and ozone (O3) [22].

The literature and the global efforts focus on CO, emissions because they represent
roughly 72% of the total GHG emissions and possibly due to the practical monitoring and
management of CO,. Nevertheless, the other gases are potentially more harmful due to the
pollution and its consequent health effects. The potency of other gases in trapping heat is
stronger; for example, N,O is 300 times more potent than CO, [21]. GHG emissions are
calculated as CO; eq. In this study, the terms “GHG emissions” and “CO, emissions” are
used interchangeably.

GHG emissions are classified into scope 1, scope 2, and scope 3. Scope 1 refers to the
emissions associated directly with the organization’s activities and originating from sources
owned or controlled by the organization. Scope 2 refers to the emissions associated with
the generation of electricity, heat cooling, or steam purchased by the organization. Scope 3
refers to emissions associated with sources other than what is covered under scopes 1 and 2,
including supply chains and emissions from the use of sold products [23,24].

3.2. The Paris Climate Agreement

The Paris Agreement provides countries with the flexibility to establish their own
nationally determined contributions (NDCs). The agreement does not mandate binding
emission targets, and countries are not obligated to implement their NDCs. In other words,
it is left to each country to determine its approach and targets to reduce emissions [3].
Under the Paris Agreement, mitigation measures refer to efforts to reduce emissions and
enhance sinks, while adaption measures refer to the efforts to reduce the negative impact
of climate change [25]. The agreement mandates the countries to communicate their NDCs
to the UNFCCC Secretariat every five years to demonstrate their progress [26].

Among the provisions of the Paris Agreement are the following [3,25]:

1. Achieving NZE in the second half of this century.

Application of mitigation measures of individual countries to be expressed in NDCs.

3. NDCs should be revised at least every five years to reflect the advancements since the
last iteration.

4. Using emission trading or by permitting result-based payments, countries can transfer
the results of their mitigation efforts globally to fulfill their NDC commitments.

5. Providing $100 billion per year until 2025 and $100 billion after 2025 as a floor. De-
veloping nations are urged to offer voluntary assistance. The significance of public
monies in finance is essential. Developed nations are required to submit reports twice
a year on the extent of the aid given.

N
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3.3. Measures to Reduce and Remove GHG Emissions

The removal of CO; from the atmosphere can be accomplished through several strate-
gies and technologies, including forestation, habitat restoration, soil carbon sequestration,
biochar, bioenergy with carbon capture, biomass-based construction, enhanced terrestrial
weathering, mineral carbonation, ocean alkalinity, direct air capture, and carbon storage,
and low-carbon concrete [2]. Some of these options have their own challenges and are
not mature enough for the time being. Carbon capture storage, carbon capture, utiliza-
tion, and storage (CCUS), and forestation (planation), along with other strategies, have
been tested and proved effective in removing CO, emissions. They are addressed in the
following subsections.

3.3.1. Policies

Governments’ common measures to reduce emissions include introducing policies
(e.g., carbon pricing mechanisms, energy efficiency), supporting research and development,
and deploying low-carbon technologies [6]. Governments can adopt one or more of the
following policies to reduce GHG and carbon emissions in particular [7-11]:

Carbon cap policy.

Carbon tax policy

Cap-and-trade policy (carbon trading policy).
Carbon subsidy policy.

Carbon offset policy.

Carbon cap-and-price policy.

Carbon banking-and-borrowing policy.

N U L=

Kiss and Popovics [8] evaluated the effectiveness of national carbon policies and found
that the emissions were still increasing regardless of the policy type. Countries with hybrid
emission trading systems and carbon tax policies reported relative success.

3.3.2. Strategies

In addition to the policies, many strategies can be adopted to reduce carbon dioxide
emissions. These strategies include the following [6,12,13]:

Energy efficiency.

Energy conservation.

Fuel switching.

Removal of fossil fuel subsidies.

Removal of the tax differential between diesel and gasoline.

SN

3.3.3. Carbon Capture Technology

Carbon Capture, Usage, and Storage (CCUS) is a technology to sequester CO, and
injects it underground for storage [14]. The injected CO, could increase oil/gas recovery;
this is called enhanced oil recovery. Turning the captured CO; into expensive materials
with wide applications, such as graphene, could make the necessary investment in CCUS
lucrative. The Karlsruhe Institute of Technology in Germany successfully managed to
produce graphene from CO, [15].

There are three methods to capture CO;: pre-combustion capture, post-combustion
capture, and oxy-combustion capture [24].

In 2021, the total number of operating CCUS around the globe was 27, with a total
capacity of approximately 40 Mt of CO, per year. Many projects have announced the
building of CCUS in various countries, which will increase the capacity to almost 3-fold
the current capacity [13].
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3.3.4. Plantation and Forestation

Afforestation and reforestation are proven effective techniques to remove carbon from
the atmosphere by planting trees in a non-forest area (afforestation), e.g., desert, or by
replanting trees in deforested areas (reforestation). Trees sequester carbon over the years
and store it for long periods [2,16].

Trees sequester CO; via photosynthesis, a process by which the leaves of plants process
water and CO; with light to create biomass [15]. Young trees sequester larger amounts
of CO, in comparison to old trees. The carbon sequestration rates vary according to the
plantation species and region [17].

3.3.5. Circular Carbon Economy (CCE)

In November 2020, during the G-20, Saudi Arabia announced the launch of the
National Program for Circular Carbon Economy (CCE), which provides a framework to
reduce GHG emissions. CCE employs four strategies: reduction, reuse, recycling, and
removal to reduce emissions (Figure 2) [18].

REDUCE RECYCLE

Energy efficiency Bioenergy
Non-bio renewables
: Fuel switching to bioenergy

Nuclear energy

Fuel switching to lower-carbon fuels

Electrification

Green and bliue hydrogen

Carbon capture and storage (incl.

enhanced oil recovery)
Carbon capture and utilization

Direct air capture

Natural sinks

REMOVE REUSE

Figure 2. Circular carbon economy [19].

The CCE concept provides a comprehensive framework for options to reach NZE
at the global, national, and organizational levels. The program focuses on energy, and
emission flows rather than materials and products. It considers multiple technologies and
strategies, including renewable energy, CCUS, energy efficiency, fuel switching, and natural
carbon sinks. The CCE attempts to prevent GHG emissions from being released into the
atmosphere [19].
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4. Saudi 2021 Nationally Determined Contribution

The Saudi NDCs draw the roadmap toward achieving NZE. Saudi 2021 NDC pledged
to remove GHG emissions of 278 Mt of CO,eq annually by 2030, with 2019 as the reference
year. This is a significant increase from the previous NDC (130 Mt of CO,eq) [20]. Thus,
this submission represents progress and the highest possible ambition. This NDC program
is premised on the Kingdom’s Vision 2030, which is contingent on economic growth and
diversification. The Kingdom focuses on the CCE framework to realize its climate goals.
The Saudi 2021 NDC covers the following actions [20]:

1.  Energy efficiency. This includes maximizing the efficiency of home appliances and
air-conditioning units, feedstock utilization, improving the fuel economy of trans-
portation fleets, phasing out inefficient and used light-duty vehicles, implementing
aerodynamic regulations for heavy-duty vehicles, and improving thermal efficiency.

2. Renewable energy. By 2030, Saudi Arabia plans to use renewable energy for 50% of its
energy mix. Saudi Arabia will conduct research and development and manufacture
renewable energy products as part of its efforts to localize renewable energy. Renew-
able energy sources include solar photovoltaics (PVs), concentrated solar power, wind
power, geothermal power, and waste-to-energy.

3. Green hydrogen. A green hydrogen facility will be built as part of the Saudi mega
project “NEOM.”

4. CCUS. The state is planning to build the world’s largest CCUS plant as part of the
national CCE program.

5. Utilization of gas. Saudi Arabia is working on increasing the utilization of natural gas
in its energy mix to represent up to 50% of its electricity generation by 2030.

6.  Methane management. By adopting zero flaring in the oil and gas industry, recov-
ery, and subsequent usage for power generation and petrochemical manufacturing,
methane emissions will be reduced.

In addition to these migration measures, the Saudi 2021 NDC refers to adaptation
measures, including the Saudi Green Initiative (SGI), which focuses on tree plantations.

Saudi Arabia has adopted all common and recommended measures to reduce emissions
(see Section 3.3) except for legislating carbon policies, such as carbon tax or credit policies.

5. Emission Forecast Analysis for Saudi Arabia

This section provides an analysis to assess Saudi Arabia’s ability to achieve NZE by
2060. Conducting a forecast for a given state for more than 35 years ahead is challenging on
its own since there are many potential unforeseen variables, including policy, technology,
and geopolitics, that could impact the Saudi journey to reach NZE. The analysis focuses on
the progress that will be achieved by 2030 since many Saudi initiatives to reduce emissions
are tangled with the Saudi Vision 2030. For the period between 2030 and 2060, extrapolation
and announced long-term measures had been incorporated to forecast the emissions. In
addition, the future of imminent technologies, such as the vehicle manufacturers’ shift from
combustion engines to electric vehicles (EVs), will impact emissions globally, for which
they have been incorporated in the analysis.

The accuracy of the amount of the current emissions and their distribution among
sources is essential to develop a realistic forecast. Conducting a national emissions in-
ventory is challenging, and uncertainties are unavoidable because of various reasons,
such as the unavailability of certain source-specific input data. Collecting emission data
from various sectors and activities could result in poor-quality data. Selecting the emis-
sion factors could be misleading. For example, the Revised 1996 IPCC Guidelines for
National Greenhouse Gas Inventories provide emission factors based on a group of ac-
tivities that comprises several activities as a default emission factor without considering
that the group of activities varies from one country to another. This could result in high
uncertainty [27-30].

In 2022, Saudi Arabia reported the 2016 national inventory of anthropogenic emissions
by sources [31]. The inventory focused on three greenhouse gases, namely, CO,, CH4,
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and NO. The net emission after accounting for the sink was 593.55 Mt of CO;,, 1.95 Mt of
CH4, and 0.03824 Mt of N,O [31]. After the conversion of the CH4 (25 times more potent
than CO,) and N,O (300 times more potent than CO;) emissions to CO,eq, the emissions
from the three gases added up to 663.8 Mt of CO,eq. The distribution of emissions by
sources per the 2016 national emissions inventory [31] for CO,, CH4, and N,O are shown
in Figures 3-5, respectively.

The World Bank reports that Saudi CO, emissions were 15.3 tons per capita in 2019 [32].
According to the European union’s Joint Research Centre, the estimated Saudi CO, emis-
sions in 2020 were approximately 588.81 Mt and 16.9 Mt per capita [33]. The United Nations
Environmental Program’s (UNEP) website reports that the Saudi GHG emissions in 2018
were 22.37 tons per capita, and the total GHG emissions were 750.60 Mt [34]. In 2020, the
per capita CO; emissions in Saudi Arabia reached 17.97 tons, and the total emissions of
625.51 Mt [35]. In 2019, the total GHG emissions, including CH4 and N,O, were 744.76 Mt
of COzeq [35]. Figure 6 shows the distribution of GHG emissions in 2019 by sources.

Distribution of CO, by source 2016

22%

17%

7%

0,
% 5% 5%

3% 2%
(]
2% 9
.. ..
T =

M Electricity Generation m Road Transport

M Desalination Petroleum Refining

H Petrochemical (FC) B Cement Production

B Petrochemical Production M Fertilizer (FC)

B Cement (FC) M Iron and Steel Production

B Ammonia Production Hm Well Testing FE)

H Other FC= Fuel combustion, FE= Fugitive Emission

Figure 3. Saudi Arabia’s distribution of CO, emissions by source in 2016 [31].
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Distribution of CH4 by source
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Figure 4. Saudi Arabia’s distribution of CH emissions by source in 2016 [31].
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Figure 5. Saudi Arabia’s distribution of N,O emissions by source in 2016 [31].

The estimate of total GHG emissions in Figure 6 is close to UNEP’s 2018 estimate.
Nevertheless, Figure 6 shows that 11% of the emissions come from fugitive emissions,
which is high. The Saudi 2016 national inventory allocates less than 1% for fugitive gases
from well testing. Figure 6 provides categorizations of the GHG emissions that might
not be a true reflection of the Saudi economy. For example, the oil industry, which is
significant within the Saudi economy;, is not considered a standalone source of emissions.
Accordingly, the Saudi 2016 national emission inventory classification of emission sources
is more appropriate for analyzing and forecasting Saudi emissions.
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GHG Emissions in 2019 by Source
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Figure 6. GHG emissions in 2019 by source (data from ref. [35]).

The UNEP’s estimate was used as a basis for the analysis (worst-case scenario). The
analysis assumes that the GHG emissions were 750.6 Mt of CO,eq in 2018 since there are
no more recently published figures.

There is a correlation between energy consumption and economic growth [36]. In
fact, industrial energy combustion increases with economic growth, while transport and
desalination increase as the population increases. Therefore, considering the business-as-
usual (BAU) scenario with a forecast of 2% overall economic and population growth on
average, the annual emissions will reach 1724. Mt of CO,eq in 2060. Figure 7 shows the
forecasted emission growth under the BAU scenario.
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Figure 7. GHG emissions forecast under a business-as-usual (BAU) scenario.
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Figure 8 shows an estimate of GHG emissions by sector per UNEP’s estimate of Saudi
Arabia’s 2018 GHG emissions and by applying the CO, distribution percentage of the Saudi
2016 national inventory report since CH4, and N,O emissions are relatively small and will
not significantly impact the precision of the analysis (Figure 3).

GHG emissions in Mt of CO,eq

Well testing 0.91% M 6.83
Ammonia production 1.53% mE 11.48
Iron and steel production 1.64% mE 12.31
Cement 2.15% WM 16.14
Fertilizer 2.84% mmma 21.32
Petrochemical production 4.10% I 30.77
Others 4.56% I 3423
Cement production 4.75% I 35.65
Petrochemical 4.95% I 37.15
Petroleum refining 6.59% N 49.46
Desalination 17.19% IS 129.03
Road transport 22.07% I 165.66
Electricity generation 26.72% IE—— 7 00.56

Sector

0 50 100 150 200 250
GHG emissions in million ton

Figure 8. GHG emissions estimate in 2018 by sector.

The analysis to assess whether the Saudi measures will achieve NZE was conducted by
analyzing each source of emissions separately. For the sake of the analysis, petrochemical,
fertilizer, petrochemical production, and ammonia production are analyzed jointly since
most of those industries are under the leading Saudi petrochemical company (SABIC).
Cement production and industries are also analyzed jointly, while well testing is addressed
under petroleum refining.

5.1. Electricity Generation

The Saudi Electricity Company’s (SEC) 2021 ESG report indicates that the total GHG
emissions were 122.49 Mt of COyeq for direct generation electricity in 2018 [37]. Accord-
ing to the Saudi General Authority for Statistics, 54.24% of electricity was produced by
SEC’s generating plants [38]. Considering that the emissions from other organizations for
electricity generation are similar to SEC’s, the total emissions from electricity generation
would have been 225.83 Mt of COyeq. In this study, the estimate for electricity generation
is 200.56 Mt of CO,eq in 2018 (Figure 8). The variance between this study’s estimates of
emissions from electricity generation and the estimate based on SEC’s audited figures is rel-
atively small (~11%). This gives confidence in this study’s estimated emission distribution
among various sectors.

SEC’s ESG report indicates that the total emissions in 2016 were 200.22 Mt of COzeq
from direct and purchased power generation [39]. Nevertheless, the Saudi 2016 inventory
indicates that the emissions from power generation were 161 Mt of CO,eq [31]. This
discrepancy could be due to the exclusion of electricity generated by desalination plants [31].
The Saudi 2016 national emission inventory classification of emission sources separate
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electricity generation from desalination, although the two sectors could overlap. Based on
the announced emission-reduction measures, the following assumptions were considered
to determine GHG emissions from the power industry in 2030:

SN

50% of the power will be from renewable sources by 2030 [20].

50% of the power will be from natural gas by 2030 [30].

Currently, renewable energy represents less than 1% of the power industry.
Currently, 40% of electricity comes from oil, and 60% comes from gas [18].

Natural gas produces 52.91 kg of CO, per million British thermal units (BTU), while
residual heating fuel produces 75.09 kg of CO; per million BTU [40]. In addition, the
standard emission factors based on the average carbon content of crude oil and natural
gas are 3.07 tons of CO, and 2.35 tons of CO; per ton of oil equivalent, respectively [4].
Many factors determine the reduction in replacing oil with gas for power generation.
Nevertheless, it is estimated as a ~30% reduction in CO, emissions. This means that
currently, oil (including diesel and heavy fuel) represents 40% of power generation,
while gas accounts for the rest (60%), and the contribution of oil to the total CO,
emissions is approximately 52% in the power industry.

The growth in demand until 2030 will remain at approximately 2%. Even if the
demand increases by more than 2%, the contribution of the initiatives (e.g., energy
efficiency initiatives) would adjust the results. For example, the initiative calls for
replacing more than 2.7 million higher-energy sodium vapor light bulbs that illu-
minate the Kingdom’s roads with modern, more efficient LED units that comply
with the energy efficiency standards [41]. The government established the Energy
Efficiency Program, which is responsible for the development of new energy efficiency
standards in power generation, water desalination, and electricity transmission and
distribution [42]. On the contrary, the statistics over the past few years show an annual
increase in demand for electricity of <2% [37].

Table 1 shows the forecast of GHG emissions from electricity generation under a

BAU scenario.

Table 1. GHG emissions forecast from electricity generation under a BAU scenario.

Year BAU Mt of COzeq Oil Fuel Mt of COzeq Gas Mt of COzeq
2018 200.56 104.29 96.27
2019 204.57 106.38 98.19
2020 208.66 108.50 100.16
2021 212.84 110.67 102.16
2022 217.09 112.89 104.20
2023 221.43 115.15 106.29
2024 225.86 117.45 108.41
2025 230.38 119.80 110.58
2026 234.99 122.19 112.79
2027 239.69 124.64 115.05
2028 24448 127.13 117.35
2029 249.37 129.67 119.70
2030 254.36 132.27 122.09

Per the plans, electricity generated from oil will be replaced by renewable energy by

2030. At the same time, the contribution of gas to generating electricity will decrease from
60% to 50%, meaning that approximately 20% of the gas will also be replaced by renewable
energy. Therefore, by 2030, CO; from oil will be zero, and that from gas will be reduced by
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16.67%. This lowers the GHG emissions from 254.36 Mt of COeq under BAU to 101.6 Mt
of COzeq.

From 2030 to 2060, the Saudi government will most likely continue to expand the
replacement of electricity generated from gas with renewable or sustainable resources. The
Saudi government is planting seeds to introduce more sustainable energy resources, such
as nuclear energy.

The government allocated huge investments (384 billion USD) in renewable energy to
reach a capacity of 123 GW by 2032. Solar energy will contribute 52 GW; nuclear energy will
contribute 46 GW, concentrated solar power will represent 5 GW, and wind power 2 GW [43].
In addition, the government will continue to replace heavy fuel power generators with
combined cycle gas turbines, gas turbine cogeneration, steam, steam cogeneration, and
open cycle gas turbines until 2032 [43]. Saudi Arabia’s National Renewable Energy Program
aims to achieve 58.7 GW of renewable energy capacity by 2030. The Sudair Solar Voltaic
power plant will be the largest solar power plant globally and should result in reducing
carbon emissions by 2.9 Mt annually [41].

5.2. Road Transport

Reducing GHG emissions from the transport sector is a challenging area. The country,
as an importer of vehicles, depends on international technology when it comes to engine
efficiency and EVs. Nevertheless, one of the strategies for reducing carbon emissions is to
expand public transportation and railway networks to connect major cities and ports [42].
In 2022, Saudi Arabia announced its plan to expand the rail network by adding 8000 km of
new tracks to the existing 3650 km of rail tracks [44]. In addition, the Riyadh Metro (electric
train) is about to operate. It is projected that the Metro will decrease the number of car trips
by 250,000 trips per day, reducing fuel use by approximately 400,000 L of fuel per day and
further diminishing CO, emissions [45].

Saudi Arabia used to subsidize domestic energy until 2018, when the government
began reforming energy processing. The significant increase in gasoline and electricity
prices provided both economic and environmental benefits [18].

Internal combustible engine vehicles are expected to still constitute most of the driven
vehicles in the next 15 years [46]. Accordingly, CO, emissions from the transport sector will
remain almost the same until 2030 because the expansion in public transportation and the
contribution of hybrid and EVs will offset any potential growth. In the worst-case scenario,
in 2060, GHG emissions from the transport sector will not exceed 20% of 2020's emissions
(33.2 Mt per year) as a result of abandoning combustion engines and shifting to EVs.

The government’s measures to expand public transportation, the effect of deregulating
gasoline prices, and the improvement of new vehicles’ fuel efficiency will most likely
set off the growth of the number of vehicles as the population increases. After 2035,
CO, emissions from the transport sector will start declining as a result of ceasing the
production of combustion engines by major vehicle manufacturers [47]. In addition, the
European Union approved ending the sale of vehicles with combustion engines by 2035 in
Europe, which will cause a worldwide domino effect, impacting the vehicle manufacturing
industry [48]. Most likely, after 2040, combustion engine vehicles will be phased out
globally and will be replaced by EVs. The period 2040-2060 is long enough to replace
combustion engine vehicles with EVs in Saudi Arabia.

5.3. Desalination

In 2017, approximately 4 million m? of desalinated water was produced daily using
desalination technologies, including multi-stage flashing (MSF), multi-effect desalination
(MED), and reverse seawater osmosis (SWRO). In 2020, around 77.5% of the seawater
production was produced by MSF, 20.5% by reverse osmosis (RO), and 2% by MED-thermal
vapor [49]. Both MFS and MED are energy-intensive technologies [4].

Saudi 2021 NDCs indicate the plan to deploy new desalination technologies to mini-
mize GHG emissions, including:
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The estimated GHG emissions from desalination were 129.5 Mt in 2018 (refer to
Figure 8). The annual demand for desalinated water will continue to increase. It is
difficult to quantify the impact of the measures that the Saudi government is pursuing on
the reduction in CO; emissions from desalination. By taking a conservative stance, the
measures proposed in the 2021 NDC and the project to expand solar energy in desalination
could at least set off any increase in demand.

In 2021, SWCC announced that it would successfully manage to reduce CO, emissions
by 28 Mt annually by gradually dispensing thermal desalination plants and replacing them
with RO technology [50]. In addition to this reduction, the Saudi plan to generate more
than 120 GW from renewables by 2032 will reduce the need for MSF and MED desalination
plants [43] since there will be no need for by-product electricity.

By 2030, CO; emissions from desalination could be lowered by more than 28 Mt,
mainly from expanding the application of RO technology. This brings CO, emissions from
desalination to 101.5 Mt of CO,eq in 2030. By then, the nuclear energy program will be
mature, playing an important role in employing nuclear energy in desalination plants. This
could lead to the elimination of fossil fuels from the desalination industry and associated
CO; emissions, achieving NZE by 2060.

5.4. Petroleum, Refining, and Well Testing

The estimate of the petroleum refineries and well-testing emissions is 56.49 Mt of
COgyeq (refer to Figure 8). This sector is dominated by the Aramco company. In October
2021, the company announced its goal to achieve NZE scopes 1 and 2 GHG emissions
across its wholly-owned operating assets by 2050, which complements Saudi’s aim to reach
NZE by 2060 [51]. In 2021, the company emitted 52.3 Mt of CO,eq pertaining to scope 1
and 15.5 Mt of CO,eq regarding scope 2 [51].

The company is planning to achieve its NZE goal through the following measures:

1. Energy efficiency through several approved initiatives, including gas turbine upgrades
and boiler and heater efficiency improvement.

2. Methane and flaring. The company is committed to reaching zero routine flaring
by 2030.

3. Renewables. The company is investing in 12 GW solar PV and wind projects. It is
working with its affiliates in investing in renewables and is also evaluating contribut-
ing 2.3 GW to renewable projects.

4. CCUS. The company has set a goal of developing its CCUS capacity to capture up to
11 Mt of CO,eq by 2035.

5. Offsets. The company is planning to plant 300 million mangroves nationally and
350 million mangroves abroad by 2035.

Co-generation technology is employed to harness what could be wasted energy to fuel
combustion and convert it into power and steam, ultimately improving thermal energy
efficiency and reducing emissions. In addition, the company is working on low-carbon
fuels, where CO, captured from industrial processes or directly from the air is combined
with green hydrogen, reducing CO, emissions by at least 80%. This is another initiative
in line with CCE [51]. The company is partnering with another energy company in a
demonstration-scale project to explore the production of 2.6 million liters of low-carbon
synthetic diesel and jet fuel per year for automobiles and aircraft.
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5.5. Petrochemical, Fertilizer, and Ammonia Industries

The CO, emissions from the petrochemical, fertilizer, and ammonia industries were
37.19 Mt of CO»eq, 21.31 Mt of COzeq, and 11.48 Mt of CO,eq, respectively, in 2018 (re-
fer to Figure 8). Rahman et al. [52] indicated that the total emissions of CO; from the
petrochemical industry were 25.19 Mt in 2020, representing direct emissions (scope 1). In
addition, the year 2020 was an outlier due to the impact of COVID-19 on the industries.
Rahaman et al. [52] calculated the emissions by applying the 2006 IPCC Guidelines for
National Greenhouse Gas Inventories [5], where the protection of petrochemicals was mul-
tiplied by emission factors. This method provides a precise estimate with less uncertainty.
Nevertheless, this study’s parametric estimate could be more appropriate for predicting
future trends.

SABIC’s 2021 sustainability report indicates that the total CO,eq emissions (scope 1)
in 2020 were 29.56 Mt without its affiliates and ~54 Mt with its affiliates [53]. Although
SABIC is mainly a petrochemical company, it has full ownership of the Saudi iron and steel
company, which is the largest steel producer in the Middle East with a capacity of around
6 Mt [54]. In 2020, the Saudi iron and steel company produced 4.5 Mt of steel [55]. For
every ton of steel production, an average of 1.85 tons of CO; is emitted [56]. This means
that 8.33 Mt of CO, emissions were not from the petrochemical industry.

In 2020, the International Energy Agency indicated that Saudi Arabia had reduced
its electricity carbon emissions factor by 27% in one year, mainly due to SABIC’s scope 2
emissions (80%). Accordingly, SABIC managed to reduce scope 2 emissions by 2.39 Mt [53].

In 2021, SABIC committed to reaching NZE by 2050. As an interim goal, the company
aims to reach a 20% reduction in GHG emissions (scopes 1 and 2) by 2030 [53].

In 2021, the company managed to lower emissions by 5.8% compared to 2020, with
reductions of 2% in scope 1 and 13.7% in scope 2 emissions [53]. The latter was largely due
to lowering the carbon emission from electricity [53].

In 2021, another major petrochemical company in Saudi Arabia managed to lower
direct GHG emissions by 5.46% (scope 1) compared to 2020 and achieved a 29.94% reduction
in indirect GHG emissions (scope 2) from grid electricity consumption [57].

By 2050, SABIC and other petrochemical companies will have successfully achieved
their NZE target. Until 2030, the reduction will remain gradual since technological advance-
ments are time-consuming. SABIC managed to lower its absolute GHG emissions by more
than 3 tons from 2020 to 2021 [53]. This indicates that it will lower overall emissions by
more than 15 Mt by 2030 and bring the total emissions to approximately 37 Mt. Some small
petrochemical companies might have difficulties in reducing their emissions.

It is essential for Saudi petrochemical companies to have a high ESG rating to maintain
their competitive edge since they sell their products in the international market.

5.6. Petrochemical Production

In 2018, the estimated emissions from petrochemical production were 30.77 Mt of
COseq (refer to Figure 8. This industry is shared between SABIC and the private sector.
The company will work on reducing emissions according to its pledge to reach NZE by
2050. The current regulations do not force the private sector to take serious steps in reduc-
ing emissions. The literature does not provide data regarding market share distribution
among producers. As an estimate, the private sector could represent approximately 40% of
the petrochemical production, and in the worst-case scenario, none of the private sector
producers will work on reducing their emissions, with an average of 2% production growth
per year. Applying those assumptions, the emissions from the petrochemical production
industry could reach 28.27 Mt of CO,eq by 2060 (Figure 9).
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Figure 9. CO,eq emission forecast for the private sector of petrochemical (40% of all the producers).

5.7. Cement Production and Industries

In 2018, the estimated emissions from cement production and cement industries were
4.75% and 2.15%, respectively (refer to Figure 8) [31]. This study estimated CO, emissions
from cement production and cement industries in 2018 as 35.65 Mt of COzeq and 16.14 Mt
of COyeq, respectively.

There are 17 cement manufacturers that have a capacity of over 71 Mt per year [52]. As
for scope 1, the carbon emission factor for cement is 0.52 tons of CO; per ton of produced
cement [52]. The direct emissions of the cement manufacturers when they operate at full
capacity is 36.92 Mt of COzeq. Rahman et al. [52] indicated that CO, emissions from the
cement industry corresponding to scope 1 were 27.69 Mt in 2020.

With the megaprojects that are currently under construction, the demand for cement
will continue to grow until 2030. In 2022, the inflation trend capped the cement demand.
Historically, the demand for cement fluctuated such as that for any other construction
material [58]. The current cement manufacturers are not working at full capacity. It is
predicted that the annual growth in demand will be, on average, 3.3% and most likely
will drop to 2% after 2030 when the Saudi vision 2030’s projects will have been completed.
These assumptions were used to forecast the emissions from the cement industry (including
cement production). Accordingly, it is estimated that CO,eq emissions will reach 76.46 Mt
of COyeq in 2030 and ~138.5 Mt of CO,eq in 2060 (Figure 10).
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Figure 10. CO, emissions forecast: cement industry and cement production.
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The future increase in demand requires an expansion in production capacity, which
will potentially introduce more environmentally friendly technology.

5.8. Steel and Iron

There are six major steel manufacturing companies across the country. This study
estimated that CO, emissions from the steel and iron industry were around 12.31 Mt in
2018 (Figure 8). Rahman et al. [52] estimated CO, emissions of 13.104 Mt of COzeq for the
same industry in 2020, when the total steel production was 7.8 Mt [59].

The steel demand will remain high until 2030 since many megaprojects are under
construction. By taking the BAU scenario with the assumption of a 5% annual growth of
demand, the total emissions from the iron and steel industry will reach 22.11 Mt by 2030
(Figure 11).

CO, Emissions in Mt

2015 2020 2025 2030 2035

Figure 11. CO,eq emissions forecast: iron and steel industries.

In the case of the largest iron and steel company, the emissions will decrease by 20%
by 2030 following the SABIC’s group planned goals. Therefore, the estimated emissions
from the iron and steel industries will be 16.59 Mt of CO, by 2030.

After 2030, the annual growth of the demand for iron and steel will probably drop
from 5% to 2%. In order to forecast the CO, emissions of iron and steel companies after
2030, the following assumptions were made:

1.  The growth in demand will be approximately 2%.

2. The Saudi iron and steel company added will still dominate 45% of Saudi production.

3. SABIC will fulfill its pledge and reach NZE by 2050. Subsequently, the Saudi iron and
steel company, which is fully owned by SABIC, will reach NZE by 2050.

4. Hadeed (the largest steel company) emissions will decrease evenly from 2030 until
reaching NZE by 2050. The other companies will not make a significant reduction
in emissions.

Based on these assumptions, by 2060, GHG emissions of the iron and steel industry
will reach 22.07 Mt of CO,eq. Figure 12 shows the trend of GHG emissions until 2060.
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Figure 12. GHG emissions forecast: iron and steel industries.

5.9. Other Sources (Miscellaneous)

Other sources of emissions include agriculture, navigation, the residential industry,
aviation, aluminum production, and other industries [31]. The estimated CO, emissions in
2018 that fall under this category were 34.23 Mt (refer to Figure 8). Under the BAU and
worst-case scenarios, the increase will not exceed 2% per year due to government measures
and public awareness. Accordingly, it is predicted that these emissions will reach 43.41 Mt
of COzeq in 2030 and 78.63 Mt of CO,eq in 2060.

5.10. Carbon Sink

Regardless of the efforts to reduce or eliminate emissions from sources and human
activities, there will always be released from various sources that are beyond human control.
Therefore, NZE cannot be achieved unless a carbon sink is created. Accordingly, Saudi
2021 NDC indicates that multiple adaptation measures will be taken with a mitigation co-
benefit [20]. Among the adaption measures that will have a significant impact on mitigation
are the following [20]:

1.  Marine protection. Saudi Arabia is encouraging the plantation of mangrove seedlings
along its coasts. Studies have been conducted to estimate the outtake of mangroves
and other blue carbons for the Red Sea and the Arabian Gulf.

2. Reduced desertification and tree planting. As part of its green initiative, Saudi Arabia
is planning to create a green carbon sink by planting trees and rehabilitating hectares
of land.

In 2021, the government launched the Saudi Green Initiative. The activities that will
be implemented under the Green Initiative will constitute a national carbon sink. The
injtiative aims to plant (afforestation) 10 billion trees and rehabilitate 40 million hectares of
land [42]. Achieving this ambitious plan will provide multiple benefits, including improved
air quality, reduced sandstorms and desertification, and a lowered temperature within
the vicinity of the planted area. So far, over 10 million trees have been planted across the
country [42].

By 2030, under the Saudi Green Initiative, 450 million trees will have been planted
across Saudi Arabia [42]. Nevertheless, this study developed an estimate of the potential
levels of sequestered carbon based on the number of trees under each initiative.

Some estimates of the carbon sequestered by a tree range between 10 kg to 40 kg per
tree per year, and the average are ~25 kg/tree/year. As a parametric estimate and the
assumption that each tree will sequester 2020 per year, the afforestation plan will result
in a green carbon sink with a capacity of 9 Mt of CO,eq every year by 2030, and this
capacity will reach 250 Mt of CO,eq sequestration once the journey toward 10 billion trees
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is completed. If the government succeeds in maintaining the current momentum, the
10-billion-trees journey will be completed before 2060.

In addition, Saudi Arabia plans to install Carbon Capture Utilization and Storage
(CCUS) hubs at Jubail and Yanbu, homes for major industries in Saudi Arabia, such as
petrochemicals, steel, and other heavy industries. CCUS started operating in 2015 to capture
CO; from natural gas processing with a capacity of 0.8 Mt of CO, per year [13].

5.11. Owverall Future Emissions

Based on the above analysis of the current emissions and approved measures, it is
predicted that Saudi Arabia will have lowered its GHG emissions to 632.78 Mt of CO,eq
by 2030, whereas under the BAU scenario, the emissions would have reached 951.94 Mt
of COzeq. By 2060, Saudi Arabia will have lowered its emissions to 49.76 Mt of CO,eq.
Figure 13 shows the forecasted emissions in 2030 and 2060.
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Figure 13. Forecast of Saudi emissions in 2030 and 2060.

6. Discussion

Cement production is one of the major sources of emissions that will hinder Saudi
Arabia from reaching NZE by 2060. The estimated CO,eq emissions from the cement
industry and production will reach 138.5 Mt of CO,eq in 2060. Globally, the cement
industry is the third largest industrial energy consumer, and it contributes approximately
7% of GHG emissions [60,61]. The emissions from the concrete industry are from the
production of Portland cement particularly and the transportation of materials [62]. Unlike
steel and other industries, CO, emissions are inherent to the chemical reaction for producing
cement (3CaCOj3 + SiO, = CazSiOs5 + 3CO»), which makes CO, unavoidable [60].

In order to reduce the emissions from these sources, various strategies are considered,
including reducing the use of cement by adopting alternative and more sustainable con-
struction materials, such as plastic sand blocks [63]. Improving the lifetime of concrete is
another approach. Introducing CCUS technology could be effective; however, because of
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its current cost, it is a nonlucrative option. Innovative ideas should be considered, such
as harnessing heat waste from cement manufacturing and using it to generate hydrogen.
Graphene is another promising material that could reduce the amount of concrete and steel
in reinforced concrete and improve its strength and durability.

There is emerging interest within Saudi Arabia to explore green cement and green
concrete. A novel cementing blend that uses natural pozzolan and limestone to create
concrete by replacing certain percentages of ordinary Portland cement, which produces
large amounts of CO,, is under development locally. This could reduce CO, emissions by
approximately 80% over standard concrete using ordinary Portland cement [64].

The analysis revealed that CO,eq emissions of the iron and steel industry will reach
37.48 Mt of COzeq by 2060. On average, 1.85 tons of CO, are emitted for every ton of steel
produced, representing approximately 8% of global CO, emissions [56]. As for scope 1,
according to the 2006 IPCC Guidelines, 1.06 tons of CO; are emitted per ton of produced
steel. One option to lower the emissions from the steel industry is to use electric arc furnace
technology [56]. Another option is to adopt green hydrogen-based steel production [56].
The latter might be more suitable for the Saudi steel industry since there is an interest in
investing and expanding in green hydrogen.

Most of the steel produced is utilized in the construction industry. Therefore, alter-
native materials should be considered, such as replacing the conventional steel bars used
in reinforced concert with glass fiber-reinforced polymer bars that can be manufactured
from plastic waste [65], supporting CCE. Moreover, graphene could be a replacement for
steel mesh.

There are some potential adverse effects of injecting CO,. Its leakage in the freshwater
aquifer could deteriorate the quality of water. The high investment cost of CCUS could
make this option infeasible. Low oil prices make CO,-enhanced oil recovery CCUS a less
favorable investment [14]. In general, the capital cost for carbon capture storage technology
might make it unlucrative [66]. The cost to store emissions from natural-gas-fired plants
ranges from $80 to $90 per ton [67]. Accordingly, it is important to implement innovative
methods to utilize sequestered CO,. Aramco is one of the pioneers in this domain; for
example, it is working on benefiting from the CO, sequestered from CCUS by injecting CO,
instead of air to cure concrete. This curing technology for precast concrete materials can
store up to 20% of the CO, in the concrete while delivering superior mechanical strength
and reducing the curing time by a third [51]. In addition, the company is working on using
technology to convert captured CO, into 12 tons of small-scale green methanol per day and
capture more than 27 Mt of CO; by producing 3 Mt of blue hydrogen and 1 Mt of green
hydrogen per year.

The ambitious Green Initiative with the aim of planting 10 billion trees should be
executed prudently. The selection of the tree species should focus on trees that can survive
the Saudi climate and require little water. Considering harvesting trees after 20 years or
at adequate ages to sustain the sequestering rating should be taken into consideration to
benefit from harvesting old trees as well. Therefore, selecting trees that can be a suitable
source of wood should also be considered. This could introduce a new industry in the long
term and even assist in substituting concrete in construction [68].

During the UN global climate change summit (Conference of the Parties—COP27-
2022), Saudi Arabia announced 66 new initiatives as part of its environmental plan and
reiterated its commitment to reducing carbon emissions by 278 CO,eq Mt by 2030 [69].

Based on the analysis of the emissions and the measures that the government is
implementing to achieve NZE, it is obvious that certain sectors are slow in their pace
to achieve this goal by 2060. Those sectors, which are mainly private, will not have the
incentive to take costly measures to reduce emissions. Unless the government promulgates
some regulations, those sectors will remain a source of CO, emissions.
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7. Conclusions

The study offers an evaluation of Saudi Arabia’s efforts to achieve NZE. More impor-
tantly, an estimate for Saudi emissions by 2060 is provided based on an examination of the
country’s present emissions and the actions being taken to reduce them. The article identi-
fies the underdeveloped industries that might prevent Saudi Arabia from achieving NZE
by 2060 and makes some practical contributions to the strategies for reducing emissions.
In addition, the paper highlights the lagging sectors that could hinder Saudi Arabia from
achieving NZE by 2060. This can help researchers and policymakers pinpoint and focus on
these sectors. In addition, the findings can be used by policymakers in other countries.

The strategy to reach NZE is based on a multidimensional approach which includes
expanding renewable energy, improving public transportation, implementing energy effi-
ciency programs, investing in carbon capture technology, and investing in afforestation.
Saudi Arabia has adopted all common and recommended measures to reduce emissions,
except for carbon taxation and credit policies. The actions on the ground reflect Saudi
Arabia’s persistence and enthusiasm to honor its pledge to achieve NZE by 2060. This is
demonstrated by the Saudi 2021 NDC planning to reduce the annual GHG emissions by
278 Mt of CO,eq by 2030, which is a significant increase from the previous NDC, where the
target was to reduce CO,eq annually by 130 Mt by 2030.

Electricity generation and water desalination that currently consume significant
amounts of fossil fuels are under a structural shift toward more sustainable resources
with lower emissions. Oil and petrochemical industries are also taking the lead and en-
deavoring to be even ahead of the government’s pledge to achieve NZE by 2060. The fact
that the government is a substantial stakeholder in these sectors urges them to participate
in the journey toward NZE. The ESG rating seems to be an effective monitoring tool that
ensures continuous progress and management commitment toward lowering emissions.

Saudi Arabia’s measures toward achieving NZE by 2060 are promising. This study
provided a forecast of Saudi emissions by 2060 based on the current measures and actions
that have been undertaken. Based on this analysis, Saudi Arabia will witness a significant
reduction in emissions after 2030, when renewable energy projects will have been com-
pleted. It is expected that GHG emissions will be 666.35 Mt of CO,eq by 2030, whereas
under the BAU scenario, emissions would reach 951.94 Mt of CO,eq. By 2060, Saudi Arabia
will have decreased its emissions to 95.07 Mt of CO,eq, contrary to the BAU scenario
(1724 Mt of COzeq).

The analysis revealed that cement, steel, and petrochemical production industries
would emit 168.49 Mt of COeq, 37.48 Mt of CO,eq, and 28.27 Mt of CO,eq, respectively.
Novel technology and new initiatives need to be adopted by these industries over the
coming 35 years to have a positive impact on GHG emissions.

The following are recommendations based on the findings:

1. The Saudi government shall continue with its current investments and measures in the
fields of energy efficiency, renewable energy, and nuclear energy to ensure achieving
NZE from the electricity generation sector by 2060.

2. The government shall facilitate and proceed with more initiatives and investments
in the fields of public and green transportation since the transportation sector is the
second source of emissions (166.65 Mt of COyeq per year).

3. Since the emissions from the cement sector are forecasted to be ~138.5 Mt of CO,eq by
2060, innovation and investments in new technologies for low-carbon, energy-efficient
cement plants shall be developed and made to keep pace with a changing world, and
the cement industry is encouraged to pursue zero carbon emissions. Additionally, a
pertinent regulatory framework must be created.

4. The total carbon capture associated with afforestation and reforestation should be
enhanced by substituting long-lived trees and using harvested wood products for
construction materials since afforestation and reforestation are the carbon sink that
shall provide 250 Mt of CO,eq sequestration.
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5. Planting trees that would create value, such as trees that can be used in the pharma-
ceutical industry, should also be considered since the required investment in the green
initiative is huge.

6. CO2 sequestered from CCUS should be used for the generation of products with
high value to reduce the cost of CCUS. For example, more research should focus on
manufacturing graphene from sequestered CO,.

7. The economic implications of imposing a carbon tax should be assessed.

8.  Exporting blue and green hydrogen should be further studied in the context of
Saudi Arabia.
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