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Abstract
The Arabian Gulf Countries (AGC) are strongly reliant on the economic export of fossil fuels, while being 
vulnerable to climate change that is resulting in temperature increase, air pollution and sea-level rise, and 
threatening the health of the population and ecosystem. In agreement with the Paris Accords, most of the AGC 
have published short-term goals to reduce their carbon emissions in the coming decades. In relation to these 
goals, this study explores the potential CO2 reduction, avoidance and removal in the region, by comparing a 
business-as-usual (BAU) scenario to three decarbonization scenarios for the power sector. In 2018, the total 
greenhouse gas (GHG) emissions in the AGC were ~1333 MtCO2/yr and are expected to rise to 1568 MtCO2/yr in 
2030 following a BAU scenario, which is likely to be reduced to 1522 MtCO2/yr in 2030 by following the countries’ 
planning. Countries issued plans for the coming decades that focus on increasing the share of renewable energy 
in their grid mix. The three decarbonization scenarios presented in this study focus on supply-side technological 
solutions. The retirement of the oldest natural-gas and oil power plants could lead to a total emissions reduction 
of ~75 MtCO2/yr, without accounting for the embodied carbon emissions associated with renewable energy. 
In addition, the implementation of point-source capture at power plants expected to retire in >10 years’ time 
could avoid emissions of ~240 MtCO2/yr, provided the CO2 is permanently sequestered in appropriate geological 
formations. The region also shows high-quality solar resources and large CO2-storage potential that could couple 
to direct air-capture plants to offset difficult-to-avoid emissions. This last scenario has the potential to ultimately 
result in net negative emissions.
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Introduction
The Arabian Gulf Countries (AGC), including Bahrain, Iraq, 
Kuwait, Oman, Qatar, Saudi Arabia, and the United Arab 
Emirates (UAE), produce 25% of the world’s oil [1]. In add-
ition, fossil fuels represent the majority of their revenue 
sources, between 53% and 100% of the total revenue from 
exportations [2]. In view of the Paris Agreement as well 
as the popularity of Environment, Social & Governance 
norms and fossil-fuel divestment strategies, fiscal and en-
ergy sustainability in the region is a challenge.

Reliance on fossil energies in the AGC started when the 
discovery of oil in Iran in 1908 motivated geologists and 
mining engineers from around the world to go to the re-
gion in search of oil [3]. As can be seen from the timeline 
of oil and gas discoveries in the AGC (Fig. 1), oil and gas 
were first discovered in Iraq in 1923 and 1927, respectively. 
However, the countries did not make use of natural gas 
until it was first exported in 1963 from Bahrain [3]. Today, 
Qatar, on its own, represents 12% of the world’s natural-
gas reserves [4].

The dependence of the region on oil and natural gas re-
sulted in the production of ~1134 million metric tons of 
CO2 (MtCO2) in 2017 [5].

Fig. 2 showcases the evolution of the total CO2 emissions 
in the AGC, increasing in most of the countries until the 
mid-2010s, from 359 MtCO2-eq in 1990 to 1274 MtCO2-eq 
in 2015 [6, 7]. Today, the emissions of most of the countries 
are either constant or decreasing, with the exception of 
Iraq. Iraq has had the largest increase in CO2 emissions in 
recent years and the lowest CO2 emissions per capita in the 
AGC, at ~5.3 tCO2/cap in 2018 as opposed to 14–38 tCO2/cap 
in the other AGC [5–7]. This is largely due to the fact that 
the country is not meeting the population’s power demand 
due to political issues, while the population continues to 
increase [5]. The recent plateau in GHG emissions in Saudi 
Arabia is explained by an increase in energy efficiency and 
a decrease in the carbon intensity of the energy supply [8], 
while the population is still increasing [5].

The AGC are currently trying to reduce their CO2 
emissions to improve the environment, public health 
and economy. The majority of the countries in the AGC 

showed positive steps towards a brighter and a more sus-
tainable future. Saudi Arabia, the UAE, Oman, Kuwait, 
Qatar, and Bahrain have committed to and ratified the 
Paris Agreement [9]. Furthermore, the AGC identified 
sustainability in the energy sector as a national priority 
driven by increments in energy demand, economic diver-
sification, a cleaner environment and the rise in oppor-
tunities to invest in viable renewable energy sources [10]. 
Due to the location, topography and climate of the AGC, 
the countries are vulnerable to climate change [11]. The 
region shows many signs of an ongoing climate change 
and the current trend leads to the expectation of more ex-
treme conditions in the upcoming years. One of the major 
issues caused by climate change is the extreme weather. 
Countries across the AGC continue to face an increase in 
the average annual temperatures and frequency of dust 
storms, and a decrease in the average annual rainfall [12]. 
Another issue related to climate change, which is directly 
related to the weather conditions, is public health. Due 
to the increase in dust storms, the level of air pollution 
rises and causes respiratory diseases. Furthermore, the 
increase in temperatures leads to thermal extremes and 
food-borne diseases. The level of air pollution in the AGC 
in 2019 was 44–91 µg/m3, several times above the recom-
mended level by the World Health Organization of 10 µg/
m3 [13]. The long-term effect of this high level of air pol-
lution is known to create major health problems such as 
lung cancer, chronic respiratory illnesses, strokes and 
heart attacks [11]. Another major concern in the AGC is 
the rise in sea levels that would cause flooding, agricul-
ture soil contamination and the disruption of natural 
habitats. In addition, most upstream and downstream 
oil and gas facilities, petrochemical factories, oil and gas 
export terminals, power plants (including natural gas, oil 
and nuclear) and water-generating facilities in the AGC 
are located offshore and in coastal areas [14]. The rise in 
sea levels might thus compromise most of these infra-
structures. The last climate-change-related issue in the 
region is water scarcity. Most AGC have been struggling to 
fulfil the demand on water in their country for hundreds 
of years. The rise in sea levels poses the threat of seawater 
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intrusion into groundwater reservoirs, compromising fur-
ther the water scarcity in the region [15].

Most of the AGC developed visions with clear goals to 
fight climate change in the next decades. The previously 
mentioned drivers—increase in energy demand, economic 
diversification, cleaner environment and the rise in oppor-
tunities to invest in viable renewable energy sources—are 
key parts of countries’ visions for the next 10–30  years. 
Saudi Arabia is working on increasing the production of 
renewable energy by 2030. The production should increase 
gradually to 12.85 gigawatts by 2023 [16]. Qatar has the goal 
of producing 200 MW of renewable energy by 2020, to be 
raised to 500 MW at a later time [17]. Bahrain aims to shift 
5% of the energy consumption to renewables by 2025 and 
10% in 2035, with a goal to rely mostly on clean energy by 
2050 [18, 19]. The use of clean and renewable energy should 
be raised to 50% of the energy used in the UAE by 2050 [20]. 
Moreover, Oman is targeting to increase the percentage of 
renewable-energy usage to 39% by 2040 [21]. Lastly, Kuwait 
aims to improve its climate sustainability and increase the 
use of renewable energy by 15% in 2035 [12].

The power sector in the region represents both a chal-
lenge and an opportunity. Today the sector largely relies 
on fossil fuels. Natural gas generates 69% of the electri-
city in the region, oil 30.5% and renewable energy 0.5% 
[22]. Therefore, as shown in Fig. 3, the electricity and heat 
sector is a major contributor to the annual CO2 emissions 

in the region with 516 MtCO2/yr, which represents 46% of 
each country’s total emissions [22].

On the other hand, the power sector represents a great 
potential for deep decarbonization. Multiple opportun-
ities exist for low-carbon energy technologies such as 
solar photovoltaic (PV) and wind that could replace the 
aging power plants of the fleet when they retire in the next 
decade. Newly built fossil-fuelled power plants could im-
plement carbon-capture retrofit. In order to have an im-
pact on climate mitigation, the captured CO2 should be 
sequestered in appropriate geologic formations, for in-
stance depleted oil and gas reservoirs, that are very abun-
dant in the region.

Some GHG emissions, in particular from the industrial 
and transportation sectors, are more difficult to avoid than 
emissions from fossil-fuelled power plants for various 
reasons. In the AGC, 250 and 236 MtCO2-eq are emitted by 
the industrial and the transportation sectors, respectively, 
representing on average 19% and 18% of the total emissions 
of these countries, respectively [22]. Even industrial emis-
sions can be reduced by producing electricity and part of 
the heat with renewable sources; some industrial emissions 
are the production of CO2 as a by-product of chemical reac-
tions. For example, in a refinery, the reaction of long-chain 
hydrocarbons in the fluid catalytic cracker results in water 
and CO2 as byproducts [23]. Avoiding the production of CO2 
would require a complete redesign of the process, which 
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Fig. 1: Oil and natural-gas discovery timeline in the AGC [3]
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Fig 2: Total GHG emissions per country from 1990 to 2018 in the AGC (data obtained from [6, 7])
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might take years, if even feasible. With current processes, 
capturing CO2 at the source is likely only economically 
achievable for higher purity and higher volume streams 
of industrial facilities [24]. The transportation sector sets 
another challenge for CO2 capture, as each of these emis-
sions sources are small but numerous and highly spread 
out. Current solutions for reducing the emission from this 
sector are the electrification of modes of transportation 
and the use of hydrogen to replace fossil fuels or the imple-
mentation of carbon capture for heavy-duty vehicles [25–
27]. Reducing subsidies or establishing caps on the use of 
internal-combustion-engine vehicles can also help in tran-
sitioning towards cleaner energy sources. These options are 
not explored in the current study, which focuses solely on 
the power sector.

One option for capturing difficult-to-avoid emissions 
that cannot be retrofitted is direct air capture (DAC). Several 
technologies are being deployed on a commercial scale 
today. The Swiss company Climeworks has installed 14 
plants worldwide and their technology is based on solid sor-
bents, whereas the technology developed by the Canadian 
company Carbon Engineering is based on liquid alkali metal 
oxide sorbents, commonly referred as liquid solvents. Both 
technologies need heat (80% of the energy) and electricity 
(20% of the energy) to operate. Thermal energy is used for 
the regeneration of the capture agent: 100oC is required for 
sorbent regeneration and 900oC for regeneration of solvents 
[28–30]. In order to optimize the carbon-capture potential of 
DAC, the energy has to be sourced from low-carbon energy 
sources, such as concentrated solar power (CSP) for the heat, 
and photovoltaic (PV) and wind turbines for the electri-
city. The heat provided by CSP is likely to be more suitable 
for regenerating solid sorbent, as this technology requires 
lower-grade heat. Some technologies in the early stage of 
development only require electricity for capturing CO2 [29] 
and might be a future alternative where the access to low-
carbon heat generation is reduced. As point-source capture, 
DAC also needs to be associated with reliable geologic se-
questration in order to effectively remove carbon from the 
atmosphere and result in negative emissions.

The process of capturing (from point source or DAC) 
and storing or utilizing CO2 is commonly called carbon-
capture utilization and storage (CCUS). The carbon-
capture and storage (CCS) approach injects CO2 into the 
ground for long-term storage (>>1000 years) and its goal is 
solely to mitigate climate change. The carbon-capture and 
utilization (CCU) approach uses CO2 as a resource to create 
a valuable product (enhanced oil recovery, building mater-
ials, fertilizers, etc.) but the CO2 is usually re-emitted into 
the atmosphere at the end of the lifetime of the product 
[31–34].

This work investigates the current energy production 
and related carbon emissions in the AGC, and then ex-
plores four scenarios: a business-as-usual (BAU) scenario 
and three decarbonization solutions (D1, D2 and D3) fo-
cused on supply-side technologies in the power sector. 
In scenario D1, the aging fossil-fuelled power plants, ex-
pected to retire during the next decade, could be replaced 
by low-carbon energy power plants such as PV and wind. 
In addition, in scenario D2, the younger fossil-fuelled 
power plants could implement point-source capture in 
order to offset most of their emissions. Finally, in scenario 
D3, the difficult-to-avoid emissions, in particular from the 
industrial and transportation sectors, could be balanced 
by developing DAC powered by low-carbon energy sources. 
In order to have a positive impact on climate mitigation, 
the captured CO2 should be sequestered in appropriate 
geologic reservoirs for CO2 storage. The optimization of 
these options depends on the geographical distribution of 
the low-carbon sources of energy, the population centres 
and the CO2-sequestration sites. Local maps picturing the 
fossil-fuelled power plants, the low-carbon energy oppor-
tunities and the geological formations suitable for CO2 
storage are shown to outline the best opportunities in the 
region.

1  Methods and project approach
This study investigates the current stage of energy gen-
eration and consumption in the AGC and offers various 

0

100

200

300

400

500

600

Qatar UAE Bahrain Kuwait Saudi Arabia Oman Iraq

Electricity and heat producers
Transportation
Industry
Other energy industries
Residential
Other not specified
Commercial and public services

G
H

G
 e

m
is

si
on

s 
(M

tC
O

2-
eq

)

Fig. 3: CO2 emissions by sector in the AGC in 2017 (data obtained from [22])

Alatiq et al. | 343



scenarios for the future. The current energy needs are ana-
lysed by considering the current state of the fossil-fuelled 
power plants in the region. Projections of energy consump-
tion were made for a BAU case. Three alternative scenarios 
present solutions to decarbonize the power sector, while 
taking into account the aging of the fossil-fuelled power 
plants proposed for reducing carbon emissions.

1.1  BAU scenario

The calculations of the CO2 emissions for the next decade 
(2020–30) under a BAU scenario are based on the Kaya 
equation (Equation 1) applied to each country. This equa-
tion depends on multiple variables such as the intensity of 
carbon in energy, GDP, population and energy intensity of 
the economy [35]:

EmGHG =
EmGHG

E
× E

GDP
× GDP

Pop
× Pop = I× Eint × g× Pop (1)

where EmGHG is the total GHG emissions, E is the energy 
generation, Pop is the population, I is the carbon intensity, 
Eint is the energy intensity and g is the GDP per capita.

In the BAU scenario, the energy sources are used with con-
stant energy efficiencies; the last available data for carbon 
intensity [36] are thus considered constant in the future. 
Past data and future trends are available in the literature 
for the population (until 2030), the GDP (until 2025) and the 
GDP per capita (until 2025) [5, 37]. The 2020–25 trends for the 
GDP and the GDP per capita were extended until 2030 using 
a linear regression. A regression with a power function on 
1990–2018 data was used to fit the energy generation versus 
the GDP [38], in order to estimate the energy generation for 
the years 2019–30 from GDP estimates over the same time 
period. The details of these calculations are provided in the 
Supplementary Data (see the online Supplementary Data). 
The total emissions of each country for the years 2019–30 
were estimated using the Kaya equation (Equation 1).

1.2  Decarbonization scenarios for the 
power sector

The current stage of power generation by fossil fuels was 
investigated using the Enerdata database, which pro-
vides information per unit of production including the 
net capacity, the commission year and in some cases 
the planned decommission year of currently operating 
natural-gas and oil power plants [39]. In the cases in 
which no decommission dates are given, a lifetime of 
40 years is assumed to estimate the retirement year of 
the power-generating unit [40]. Providing information at 
the unit level increases the accuracy of the analysis as 
a power-generating facility might build units and then 
retire them at different times. For our analysis, the units 
were grouped by bracket of decommissioning year: 2020–
30, 2030–50, >2050 and unknown (in the few cases for 
which both commissioning and decommissioning years 
are unknown).

The CO2 emissions in MtCO2/yr are estimated for the 
natural-gas and oil power units using the following equation:

E = A× C× EF×M (2)
where C is the net capacity of each unit in gigawatts (GW), 
EF is the emission factors in kgCO2/mmbtu, M equates to 
90% and is the share of the year during which electricity is 
produced [41–44] and A equates to 0.02989 and is a coeffi-
cient that accounts for the changes in units. The emission 
factors of natural gas and oil equate to 53.1 and 73.2 kgCO2/
mmbtu, respectively [45]. Equation 2 is used to calculate 
the CO2-emissions reduction from scenario D1 and from 
applying the countries’ visions and the CO2 emissions 
avoided with scenario D2.

Scenario D1 applies to power units of oil and natural-
gas power plants that would retire before or in 2030. In 
this scenario, the retiring power units would be replaced 
by renewable sources of energy. The embedded emissions 
of these renewable sources are not taken into account in 
this study. At the decommission of fossil-fuel-based power 
plants, newly built renewable-energy resources are ex-
pected to maintain the power generation at the same level, 
while the GHG emissions are reaching near-zero.

Scenario D2 applies to power units of oil and natural-gas 
power plants that are expected to retire between 2030 and 
2060. Under this scenario, point-source-capture technologies 
would be implemented at the power-unit exhausts. Point-
source-capture technologies commonly avoid the emission 
of ~90% of the CO2 in the exhaust. Therefore, for the calcula-
tions of the point-source-capture potential, a multiplication 
factor of 0.9 was added to Equation 2. The emissions of com-
pression, transport and injection in the subsurface or utiliza-
tion of the CO2 are not considered in this study.

Scenario D3 featuring DAC (sorbent- or solvent-based 
technologies) is not quantified in this study because of its 
energy intensity and its high cost. Reducing (scenario D1 ) 
or avoiding (scenario D2 ) GHG emissions on a large scale 
is likely to be favoured over DAC in the short term. Also, 
the implementation of scenarios D1 and D2 would be as-
sociated with the large-scale deployment of low-carbon re-
newable sources of energy for D1 and of geologic storage of 
CO2 for D2. These are key infrastructures for ensuring the 
efficiency of D3. Having this infrastructure already in place 
would help the deployment of D3.

1.3  Siting decarbonization scenarios

Synergies between the CO2 sources, the low-carbon energy 
sources and the CO2 sinks are geographically investigated 
using ArcGIS® 10.7.1 [46]. Current and potential sources of 
energy are mapped along with oil fields under operation 
[47] and geologic formations [48–51] potentially suitable for 
CO2 sequestration. The low-carbon sources of energy—CSP, 
PV and onshore wind—are shown on converted lands [52], 
which are lands already disrupted by human activities. 
Offshore wind is shown within the exclusive economic 
zone of the studied countries and outside marine pro-
tected areas [53, 54]. Carbon-dioxide removal requires the 
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long-term (>1000  years) sequestration of CO2 in geologic 
reservoirs. The presence of oil and gas reservoirs is a good 
indicator of high-quality reservoirs for CO2 sequestration. 
Prospective basins for oil and gas in the Arabian Peninsula 
were mapped along with the location of operating oil and 
gas fields [47]. Less developed but promising storage tech-
nologies involve basalts and ultramafic rocks that are also 
displayed in the mapping work [48–50, 55]. The ‘buffer’ and 
‘intersect’ tools of the analysis toolbox of the ArcGIS® soft-
ware were used to perform sensitivity analyses. The goal 
here is to outline fossil-fuelled power plants within 100 km 
from sedimentary reservoirs and the proximity of poten-
tial low-carbon sources of energy to any type of geologic 
sequestration opportunity.

2  Results and discussion
Here we present the current stage of the power sector 
(natural-gas- and oil-fuelled power plants) in the AGC. 
From this current stage, we discuss the evolution of the 
power sector in the AGC if no modifications are made to 
the current energy mix and consumers’ behaviour (BAU 
scenario). Then, we propose different options for the deep 
decarbonization of the power sector in the AGC: either re-
placing the fossil-fuelled power plants with low-carbon 
energy sources or retrofitting the power-plant exhausts 
with carbon-capture technologies. Also, we discuss oppor-
tunities for direct air carbon capture and storage (DACCS) 
in the region. In the long run, this could lead to carbon 
neutrality or negative emissions, as large resources for CO2 
sequestration are available locally.

2.1  BAU scenario

A BAU scenario was developed to assess the outcome 
of the AGC continuing to generate and consume energy 
without changing tendencies with a growing population 
and GDP until 2030. The BAU scenario aims to set a base-
line for comparison of projected CO2 emissions with deep 

decarbonization scenarios. The population is expected to 
grow from 99 million to 116 million people [5] and the 
GDP from $1566 billion to $2523 billion [37] between 2020 
and 2030. All the countries in the AGC will also face an 
increment in their CO2 emissions per capita if they follow 
a BAU scenario for their energy sector (Fig. 4). In 2018, the 
total GHG emissions from the AGC is 1333 MtCO2-eq/yr 
[6, 7], which are expected to rise to 1568 MtCO2-eq/yr in 
2030 under a BAU scenario. In Saudi Arabia, despite GHG 
emissions per capita in 2018 going back to pre-2010 levels, 
the total GHG emissions of the country are expected to 
increase in the coming decade due to an expected growth 
in population [56].

2.2  Scenario D1: energy switch to 
low-carbon energy

There are 765 natural-gas power-plant units across all 
the AGC, 656 of which are currently operational, with a 
net capacity of 156.6 GW; the others are under construc-
tion, stopped, frozen or cancelled. On the other hand, 
there are 797 oil power-plant units across all the AGC, 741 
of which are currently operational, with a net capacity 
of 66.7 GW. The records show that Qatar does not have 
any oil power plants [39]. Those generating units vary 
in age and net capacity. In order to understand when a 
transition towards low-carbon energies is likely to take 
place, the decommissioning year was used when avail-
able, otherwise a 40-year lifetime was assumed [40]. Fig. 
5 showcases the net capacities of projected retirement of 
fossil-fuelled power units by age brackets of 10 years and 
by country.

There are 202 natural-gas units and 320 oil generating 
units expected to retire between 2020 and 2030 within the 
AGC representing a net capacity of 25.5 and 20.9 GW, respect-
ively. Replacing retiring natural-gas and oil power units with 
renewable energy sources could reduce the CO2 emissions by 
36.4 and 41.1 MtCO2/yr, respectively. This potential does not 
account for the embedded carbon emissions of solar panels 
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and their transportation to the solar farm. Life-cycle ana-
lyses for different energy systems in the world have shown 
that solar PV systems emit ~56 gCO2-eq/kWh [57]. Also, the 
additional energy generation caused by an increasing energy 
demand, outlined under the BAU scenario, could also be met 
by developing renewable and low-carbon sources of energy.

The AGC has the best resources in the world for solar 
energy and some opportunities for wind farms, and this 
decarbonization scenario would benefit from the high 
market penetration of renewable energy in the region. 
Numerous renewable-energy projects are operating or 
under construction in the region [58] and the countries’ 
visions detailed below show that renewable energies are 
developing in the area, with clear goals of increasing the 
share of renewable energy in the grid mix. Most studies 
are looking into the possibility of 100% low-carbon energy 
in the region (including a share of nuclear energy) [59, 60]. 
Despite its large potential, a regional interconnection grid 
and a significant overload, which could facilitate the in-
tegration of intermittent renewable energy, the region 
is not a leader for the development of renewable energy 
[58]. Scenario D1 explores the impact of phasing out the 
oldest fossil-fuelled power plants in the decade 2020–30, 
with the ultimate goal of completely decarbonizing the 
power sector.

The land area necessary for producing a given amount 
of energy is much larger for these renewable sources than 
for fossil-fuelled power plants of the same capacity. Due 
to the intermittency of renewable energy, additional in-
frastructure and space are also needed for energy storage. 
Desertic areas are home to unique ecosystems and, even 
if land use change in these areas would have a minimal 
impact on the carbon cycle, a careful deployment of these 
technologies is thus necessary to avoid disrupting natural 
ecosystems and competing with other human interests. 
Fig. 6 depicts the opportunities for PV and wind on con-
verted lands that are already disrupted by human activity, 
but are not used for human settlements and food pro-
duction. Opportunities are also shown for offshore wind 

within the exclusive economic zones of the AGC. In add-
ition to zones with low wind speeds that might technically 
be unsuitable for developing wind farms, the Persian Gulf 
and the Red Sea are places of high maritime traffic, which 
might reduce further possible locations for offshore wind 
development.

2.3  Scenario D2: carbon-capture retrofit at 
power plants

The 443 natural-gas units and 418 oil units likely to re-
tire between 2030 and 2060, shown in Fig. 5, have a net 
capacity of 124.2 and 45.6 GW, respectively. Being un-
likely to retire within the next 10  years, these units 
could avoid part of their carbon emissions by investing 
in point-source-capture technologies. Solvent-based 
carbon-capture retrofit technologies for fossil-fuel power 
plants exist today (e.g. Fluor technology at the Bellingham 
(Massachusetts, USA) cogeneration plant from 1991 to 
2005, Petra Nova at the WA Parish Generating Station 
(Texas, USA) since 2017 and CCS project at the Boundary 
Dam Power Station (Saskatchewan, Canada) since 
2014)  [62–65] and have the ability to capture 90% of the 
CO2 present in the exhaust stream. This has the potential 
to avoid the emission of 159.5 and 80.8 MtCO2/yr from the 
natural-gas and oil power units, respectively. These esti-
mates are in the same order of magnitude as the results 
presented by Mansouri et al., whose study features several 
scenarios of solar PV and CCS deployment in Saudi Arabia 
that result in reduced and avoided emissions in the range 
of 136–235 MtCO2 in 2025 [57].

The cost of capture and compression at natural-gas 
power plants in the USA is slightly above $60/tCO2 [66, 67]. 
Although the study asserts that the process needs more 
time and government support to be cost-efficient, it sug-
gests that it can be implemented today. With government 
support and involvement of the large energy companies in 
the AGC, retrofitting fossil-fuel power plants with carbon 
capture could be developed in the region.
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In order to effectively avoid CO2 emissions in the at-
mosphere, the captured CO2 needs to be sequestered in 
appropriate geologic formations. In the region, the large 
resources for CO2 sequestration in depleted oil and gas 
reservoirs are an attractive opportunity. In addition, oil 
companies are using CO2 for enhanced oil recovery (CO2-
EOR). This process is less efficient in effectively avoiding 
CO2 emissions but could motivate energy companies in 
the AGC to implement point-source capture, as the sales 
of CO2 to oil companies would generate revenues and 
lower the overall cost of capture. Currently, most CCUS 
routes in the AGC include CO2-EOR as their storage/util-
ization option [68–72]. Another EOR technology that could 
be commercially more viable is the Miraah Solar Project in 
Oman that produces steam from solar energy for EOR [73]. 
The use of solar energy instead of natural gas to produce 
steam reduces the GHG emissions and the CO2-EOR infra-
structure can be used for dedicated storage once the oil 
and gas extraction stops.

The efficiency of point-source capture and storage de-
pends on the location of the power plant, as the process of 
transporting the CO2 from the capture location to the storage 
site emits CO2. Co-location of the entire CCUS process in-
creases the net removal potential of the system. Also, for the 
same amount of CO2 captured, the total cost can differ upon 
the transportation distances (location of the closest injection 
site), the means of transportation and the injection costs.

As stated above, closely locating the capture and se-
questration steps would optimize the amounts of CO2 ef-
fectively avoided for the same amount of CO2 captured. 
Fig. 6 pictures the fossil-fuelled power plants that are ex-
pected to retire in >10 years, along with geologic forma-
tions. The most mature technology today injects CO2 into 

sedimentary formations, either for enhanced oil recovery 
(CO2-EOR) in oil reservoirs or for dedicated storage via saline 
aquifers and depleted oil and gas reservoirs. The locations 
of oil fields are shown in Fig. 6. The presence of oil fields is 
a good indicator of suitable geological formations for CO2 
sequestration; they efficiently trapped oil and gas for mil-
lions of years, provided that their depth is >800 m.  This 
depth ensures that the CO2 is pressurized to >74 bars and 
remains in a supercritical state. As explained above, bas-
alts and ultramafic rocks can be envisioned as alternatives 
for CO2 sequestration once the technology reaches a com-
mercial scale. Northern Oman hosts the Samail ophiolite, 
which is the largest outcrop of peridotite in the world. 
Carbon mineralization is already happening naturally in 
these ultramafic rocks. Engineering-system models show 
that injecting CO2 at depth in peridotite formations could 
enhance the rate of mineralization by 16 000 times, thus 
creating a significant sink for CO2 [74].

Fig. 6 shows that natural-gas and oil power plants are 
mostly located on the shore and a good correlation exists 
between the location of the fossil-fuelled power plants 
and sedimentary basins. Of the operating units set to re-
tire between 2030 and 2060 located within 100 km of sedi-
mentary basins, 437 are natural-gas generating units and 
188 are oil power units that generate 121 and 13 GW, re-
spectively. Point-source-capture implementation at these 
natural-gas and oil generating units could capture 155.6 
and 23.2 MtCO2, respectively. The amount of net avoided 
CO2 would be slightly lower, as CO2 is emitted at all steps of 
the CCUS process in particular when longer transportation 
distances are needed.

Most of the power plants located on the shore of 
the Red Sea, far away from sedimentary reservoirs, are 
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oil power plants. They are supplied by the east–west 
crude-oil pipeline that crosses Saudi Arabia. The pipe-
line connects the city of Abqaiq to the city of Yanbu with 
4.8 million barrels per day. The pipeline has a length of 
1260 km and a diameter of 122 cm [76]. The lack of sedi-
mentary basins and the many oil power plants on the 
west coast mean that only 20% of the net capacity of oil 
power plants retiring between 2030 and 2060 is closely 
located to sedimentary basins, as opposed to 78% of 
the net capacity for natural-gas power plants. The west 
coast may have suitable basins for CO2 storage that were 
not assessed by Pitman et  al. in 2012 [51, 72] and that 
were not taken into account in the present study. This 
discrepancy shows the need for local detailed studies of 
the subsurface to determine what locations are suitable 
for CO2 injection. This knowledge might already exist, as 
the Arabian Peninsula has been explored by oil and gas 
companies for decades (Fig. 1). Oil companies are poten-
tial buyers of captured CO2 for usage at CO2-EOR oper-
ations. As the sedimentary basin deepens towards the 
north-east side of the Arabian Peninsula, more oil fields 
are located in this area and are thus well co-located with 
fossil-fuelled power plants.

CCUS projects already exist or are under development 
in the UAE and Saudi Arabia [75]. The Uthmaniyah CO2-
EOR demonstration project started in 2015 and is the first 
project in the region. About 0.8 MtCO2/yr from the Hawiyah 
NGL recovery plant is compressed and dehydrated, before 
being sent through a pipeline for CO2-EOR. The SABIC CCU 
Project captures ~0.5 MtCO2/yr from an ethylene glycol 
plant. Then CO2 is compressed and purified before being 
sent via a pipeline to a chemical plant producing enhanced 
methanol chemicals and urea fertilizers. The first phase of 
the Abu Dhabi CCS project started in November 2016 and 
has captured ~0.8 MtCO2/yr from an iron and steel plant 
that uses the direct reduced iron process from which CO2 
is a by-product. The CO2 is then transported via a pipeline 
for EOR at oil fields owned by the Abu Dhabi National Oil 
Company. The second phase of the project is planned to 
start in 2025 and aims to capture 1.9–2.3 MtCO2/yr from a 
gas processing plant and use the captured CO2 for EOR in 
the same field as phase 1 of the project [75].

As current CCUS projects in the AGC indicate, the most 
economical way of implementing CCUS today, on power 
plants or industrial streams, seems to be the association of 
point-source carbon capture with the utilization of CO2 for 
various industrial purposes. One of the potentially biggest 
consumers of CO2 is the oil industry that needs it for EOR 
processes. Tsai et al. [70] argue that CO2 capture at a steel 
plant and the use of that CO2 for EOR is one of the most eco-
nomical routes. A case study explores different scenarios 
for CCUS implementation at Qatari power plants with util-
ization for EOR [71]. Under optimization scenarios allowing 
for domestic CO2 credit trading, the cost of reaching a CO2-
emission cap value of 70% of the annual emissions of each 
power plant totals ~$145M/yr [71].

A common explanation for the slow deployment of 
CCUS is the capital cost for building the infrastructure. 
In Saudi Arabia, stakeholders expressed the need for gov-
ernment subsidies for the first large-scale demonstration 
projects, due to the high capital cost of CCUS and the tech-
nical uncertainties. They show a similar level of support 
for incentivizing CCUS at the same level as renewable en-
ergies and the perspective of revenues generated by add-
itional oil production favours the use of captured CO2 for 
EOR rather than dedicated storage [72]. EOR uses CO2 to ex-
tract more oil from partially depleted oil reservoirs. Using 
CO2 for EOR results in the extraction of oil and the release 
of CO2 into the atmosphere when the combustion takes 
place. This is thus less efficient than dedicated storage for 
carbon-dioxide removal. In a decarbonized economy, the 
wells used for CO2-EOR could be repurposed for dedicated 
storage in depleted oil reservoirs.

2.4  Scenario D3: siting considerations for DAC 
with carbon storage

The two scenarios described above for the decarbonization 
of the power sector propose to either replace retiring power 
plants with low-carbon sources of energy or to imple-
ment point-source capture on the major exhaust streams. 
This last option could also be relevant for large industries 
that have exhaust streams with high CO2 concentrations. 
Low-volume and dilute streams in the power, industrial 
and transportation sectors that cannot be replaced by a 
low-carbon energy option are unlikely to be retrofitted by 
point-source carbon capture. The most economical way 
to capture these dilute and spread-out emissions today 
might be through DAC. DAC is more energy-intensive than 
point-source capture as the air is much more dilute in CO2 
(0.04%) than in combustion or process streams, typically 
ranging from a few percent to 100%. However, coupled with 
reliable geological sequestration, DAC has the potential to 
offset the emissions that are otherwise difficult to cap-
ture. If deployed at a 100-MtCO2/yr to a 1-GtCO2/yr scale, 
depending on the extent of deployment of the other deep 
decarbonization options, DACCS could even lead to carbon 
neutrality or negative emissions in the AGC.

The current DAC technologies require 80% thermal en-
ergy and 20% electrical energy [28, 29]. Other types of DAC 
under development today would only require an electrical 
energy input [77] and would thus be more geographic-
ally versatile. The literature shows that generating 100% 
of renewable energy to meet the energy needs is tech-
nically feasible and cost-competitive in the Middle-East 
and North Africa regions [59]. The AGC are thus likely to 
have additional renewable-energy capacity to power DAC 
plants. As the AGC have very high-quality solar resources, 
the thermal requirements could be met with CSP and the 
electric requirements with solar PV, and to a lesser extent 
onshore and offshore wind. CSP is a technology under de-
velopment and is designed to create electricity from solar 
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heat. In our case, the heat would be used directly for the 
regeneration of the capture agent of the DAC plant.

The classic CSP plant design features two tanks of 
molten salts and concentric arrays of mirrors directed to 
the top of a tower where the solar radiation is focused. 
The molten salt from the cooler tank is circulated to the 
top of the tower where it is heated up. The hot molten salt 
is circulated downwards to the hot tank and then used to 
create steam that would generate electricity via a steam 
turbine. The molten salt is then circulated back to the 
cooler storage tank for a new cycle. In order to minimize 
the energy losses in the pipes, a new design that requires 
a single storage tank for the molten salt and no tower has 
been recently successfully tested with a 25-kW demon-
strative prototype in the UAE [78, 79]. The Concentrated 
Solar Power on Demand (CSPonD) consists of a concen-
trated solar-power receiver that also acts as a thermal-
energy storage tank. The hot salts are in the upper part 
of the tank and separated from the cold salts by an insu-
lated divider plate. The divider plate moves down during 
the day and allows the cold salts to move in the upper 
part to be heated. To produce electricity, the hot molten 
salt is circulated through a heat exchanger that creates 
steam and then stored back in the cold section of the 
tank. During the night, the divider plate moves up to have 
a constant flow of hot molten salt and a steady produc-
tion of electricity [78, 79].

The modular design of the sorbent-based DAC tech-
nology makes it possible to site DAC plants theoretically 
anywhere. In that context, the location of DACCS sys-
tems depends on the opportunities for low-carbon energy 
generation and on the proximity to CO2-sequestration 
sites. Opportunities for DACCS using solar and wind as 

low-carbon sources of energy are shown in Fig. 7. These 
opportunities are restricted to converted lands, in order to 
minimize competition with other human interests (food 
production, human settlements) and to avoid further 
disrupting natural ecosystems, and also only locations 
within 100 km from sedimentary reservoirs as well as op-
portunities strictly co-located with basalts and ultramafic 
rocks, in order to outline opportunities with short trans-
portation distances.

Given the advantages of the region and the techno-
logical readiness of the components of the system, one of 
the most suitable DACCS systems combines thermal en-
ergy from CSP; electrical energy from CSP, PV or wind; a 
sorbent-based DAC plant; and CO2 sequestration in sedi-
mentary reservoirs. When CSP is not available, opportun-
ities for electrical DACCS are shown. In these locations, 
the heat could be supplied by heat pumps running on 
low-carbon generated electricity (PV and, to a lesser ex-
tent, wind) or, when the technology is ready, these are sites 
for electro-swing DAC implementation [77]. Alternative op-
tions for CO2 sequestration in basalts and ultramafic rocks 
are also shown in Fig. 7. CO2 sequestration in these rocks 
still needs to be developed on a commercial scale, but 
could present interesting storage options in particular in 
Oman and on the west coast of Saudi Arabia.

The AGC present large opportunities for heat and elec-
tricity generation from solar energy and have consid-
erable resources for CO2 sequestration. This makes the 
region a very good candidate for DACCS implementation, 
which could turn from a net source of anthropogenic CO2 
to a net sink of atmospheric CO2. DACCS is still a costly 
system today and its implementation now depends on fac-
tors other than technological readiness, such as local and 
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international regulations, government incentives, stake-
holders’ decisions and public acceptance.

2.5  The countries’ visions

Most of the AGC have a share of renewable energy that is 
<1% of the grid except for Iraq (7% hydroelectric) and the 
UAE (5% solar PV) [39]. All of the countries are reliant on 
fossil fuels (natural gas and oil) as their primary source 
of energy, but developed visions for a more sustain-
able future [16, 17, 21, 59, 80–82]. Most of these object-
ives are focused on the next decade and aim to increase 
the share of solar and wind energy in the grid mix [59]. 
This strategy is similar to scenario D1 described above 
that estimates the potential of CO2-emission reduction 
when replacing the net capacity of retiring fossil-fuelled 
power plants by renewable energy sources. Table 1 pro-
vides the amount of renewable energy installed in 2019 
and compares the objectives of the countries with scen-
ario D1. It shows that if the countries are not building 
new fossil-fuelled power plants, except for those that are 
already under construction, some of the targets might 
be challenging in the proposed time frame (i.e. the very 
short-term goal of reaching 27% clean energy by 2021 in 
the UAE from 5.3% clean energy installed in 2019), the 
majority of them seem realistic under scenario D1, and 
most of the countries could be more ambitious.

Natural gas and oil, the traditional resources of the re-
gion, are still expected to play a major role in the years to 
come with projects under construction and under devel-
opment totalling to 69.2 and 25.9 GW for natural gas and 
oil, respectively. However, the AGC are well positioned for 
high-quality solar PV resources with already 2.4 GW in-
stalled principally in the UAE and Saudi Arabia, 2.6 GW 
under construction mostly in the UAE and Oman, and 20.7 

GW distributed in all the countries. The countries plan to 
diversify their energy sources adding other fossil-fuel re-
sources like coal (8.1 GW) and other low-carbon resources 
like nuclear (6.8 GW), wind (2.4 GW), biomass (0.6 GW) and 
hydro (0.3 GW) to their grid mix [39].

The total CO2 emissions from the AGC are expected 
to rise from 1333 MtCO2 in 2018 to 1568 MtCO2 by 2030 
under a BAU scenario. Applying the country’s visions on 
the power sector only has the potential to decrease the 
total emissions of the AGC by 46.3 MtCO2 in 2030, mostly 
by developing solar energy (as proposed under scenario 
D1 with a more aggressive timeline). Some projects to 
capture CO2 at industrial facilities are operating or under 
consideration today, and that effort is key to developing 
carbon capture on a large scale. The AGC have seen their 
net capacity double from 2000 to 2010 and multiplied by 
1.5 from 2010 to 2019, and thus they operate today with a 
young fleet of fossil-fuelled power plants. More than 50% 
of natural-gas power plants and ~40% of oil power plants 
are expected to retire after 2050. These power plants are 
particularly pertinent for point-source-capture implemen-
tation (as proposed under scenario D2), in particular if they 
are also located in the vicinity of suitable CO2-injection 
sites. In addition to the current goals, countries could be 
even more ambitious by setting up goals related to point-
source capture (scenario D2) and/or DAC (scenario D3), 
which is necessary to reach carbon neutrality.

3  Conclusion
The AGC have demonstrated willingness to reduce their 
carbon emissions by publishing short-term goals and by 
developing CCUS projects. Iraq has the largest share of 
renewable energy (mostly hydropower), despite currently 
struggling to meet the energy demands of its population. 

Table 1: Comparison of the countries’ visions to increase the share of renewable energy (RE) in their grid mix in the next decades 
and the potential for RE by replacing retiring fossil-fuelled power plants by RE sources [5, 16, 17, 21, 39, 59, 80–82]

Country

Energy source 
 installed in 2019

Countries’ 
visions

Net capacity retiring 
at target year (GW)

Existing 
RE +  
scenario 
D1

Total net 
capacity 
(GW)

RE 
share 
(%) Year

Expected total  
net capacity at  
target yeara (GW)

RE target according  
to the  
countries’ visions

NG power 
plants

Oil power 
plants

Bahrain 8.8 0.1% 2025  
2035

10.0  
11.3

255 MW (~5%)  
710 MW (~10%)

1.1  
1.1

–  
–

11.4%  
10.0%

Iraq 34.8 7.3% 2030 43.7 10% 3.8 4.2 25.8%
Kuwait 19.8 0.5% 2030 22.3 15% 0.9 5.9 30.8%
Oman 10.6 0.1% 2030  

2040
12.7  
13.8

20%  
39%

10.3 0.1 51.6%  
75.4%

Qatar 14.5 0.03% 2030 17.0 500 MW (~4%) 0.3 0.0 2.0%
Saudi 

Arabia
85.6 0.5% 2030 98.2 9.5 GW (~10%) 9.2 13.3 23.3%

UAE 35.5 5.3% 2021  
2050

36.3  
37.8

27%  
50%

2.7  
32.1

<0.1  
<0.1

12.8%b  
90.2%b

aElectricity-generation evolution calculated using the same trend as the population growth of each country.
bNuclear adds 6% of low-carbon energy since summer 2020 [80, 83].
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The region’s economy depends on the extraction and ex-
portation of fossil fuels, but the AGC are also vulnerable to 
climate change. The region is susceptible to many climate-
related changes that threaten the health of the popula-
tion and environment: temperature increase, air-pollution 
worsening and sea-level rise.

The current AGC GHG emissions were ~1333 MtCO2/
yr in 2018, which are expected to rise to 1568 MtCO2/yr 
in 2030 in a BAU scenario. This increase could be limited 
to 1522 MtCO2/yr if the countries achieve their visions. 
This study analyses three scenarios to decarbonize the 
region’s power sector in the region. The retirement of 
the oldest natural-gas and oil power plants (scenario 
D1) reduces total emissions by ~75 MtCO2/yr, without 
accounting for the embedded carbon emissions of the 
renewable energy source. If the AGC implements point-
source capture at power plants that are expected to re-
tire in >10  years’ time (scenario D2), the countries will 
avoid ~240 MtCO2/yr provided that the CO2 is perman-
ently sequestered in appropriate geological formations. 
Roughly 180 MtCO2/yr of these emissions are located 
within 100 km of a potential sedimentary storage. The 
region also shows high-quality solar resources that are 
currently under development and could be coupled to 
DAC plants and geological storage in order to offset the 
difficult-to-avoid emissions (scenario D3).

The published data regarding the energy sector in the 
AGC are limited [57] and most of them are published by 
a third party and not the energy sectors themselves. 
More quantitative and granular data need to be collected 
by official entities and published by the energy sector, 
including oil and gas reservoirs, the power sector and the 
industrial sector. Increased transparency would help in 
understanding the current state of the greenhouse-gas 
emissions and plan for future decarbonization projects. It 
would also increase the public awareness on the energy 
transition towards a decarbonized economy for facilitating 
the deployment of future projects. Although currently a 
major exporter of fossil fuels and net emitter of CO2, the 
AGC can use their large CO2-storage resources, and a po-
tentially decarbonized economy to become importers of 
CO2 with a net negative carbon footprint.

Acknowledgements
The authors thank Katherine V. Gomes for her careful copyediting 
of this document and Peter Psarras for his precious advice. The 
manuscript was written through contributions of all authors. All 
authors have given approval to the final version of the manuscript.

Supplementary data
Supplementary data is available at Clean Energy online.

Conflict of Interest
None declared.

References
 [1] U.S. Energy Information Administration (EIA). Frequently Asked 

Questions (FAQs). EIA.gov. 2020. https://www.eia.gov/tools/
faqs/faq.php (20 October 2020, date last accessed).

 [2] The World Bank. Fuel Exports (% of Merchandise Exports). 2020. 
https://data.worldbank.org/indicator/TX.VAL.FUEL.ZS.UN? 
(7 April 2021, date last accessed).

 [3] Sorkahbi  R. The Emergence of the Arabian Oil Industry. GEO 
ExPro. 2008. http://www.geoexpro.com/articles/2008/06/the-
emergence-of-the-arabian-oil-industry (7 April 2021, date last 
accessed).

 [4] Dargin J. Qatar’s Gas Revolution. The LNG Review. 2010:124–125. 
https://www.belfercenter.org/sites/default/files/legacy/files/
Qatars_Gas_Revolution.pdf (7 April 2021, date last accessed).

 [5] United Nations. World Population Prospects. United Nations, 
Department of Economic and Social Affairs, Population 
Division. 2019. https://population.un.org/wpp/Download/
Standard/Population/ (7 April 2021, date last accessed).

 [6] Friedlingstein P, Jones MW, O’Sullivan M, et al. Global Carbon 
Budget 2019. Earth System Science Data, 2019, 11:1783–1838.

 [7] Global Carbon Project. Supplemental Data of the Global Carbon 
Budget 2019 (Version 1.0). Global Carbon Project. 2019. 
https://www.icos-cp.eu/science-and-impact/global-carbon-
budget/2020 (17 May 2021, date last accessed).

 [8] Howarth N, Lanza A, Alshehri T. What Is Behind the Recent Fall 
in Saudi Arabia’s CO2 Emissions? KAPSARC. https://www.kapsarc.
org/research/publications/what-is-behind-the-recent-fall-in-
saudi-arabias-co2-emissions/ (7 April 2021, date last accessed).

 [9] UNFCCC. Paris Agreement. Conference of the Parties COP 
21. 2015, 25. https://treaties.un.org/Pages/ViewDetails.
aspx?src=TREATY&mtdsg_no=XXVII-7-d&chapter=27&clang=_
en (7 April 2021, date last accessed).

 [10] Olawuyi DS. Energy Transition in Qatar and the Middle East. 2017. 
https://www.enerclub.es/file/uykSbB0qjokrWmEwNq53IQ 
(7 April 2021, date last accessed).

 [11] Kingdom of Bahrain Public Commission for the Protection of 
Marine Resources, Environment and Wildlife. Bahrain’s Second 
National Communication Under the United Nations Framework 
Convention on Climate Change. 2012. https://unfccc.int/re-
source/docs/natc/bhrnc2.pdf (7 April 2021, date last accessed).

 [12] NewKuwait. Sustainable Living Environment. NewKuwait. 
http://www.newkuwait.gov.kw/r7.aspx (7 April 2021, date last 
accessed).

 [13] World Health Organization (WHO). Addressing the impact of air pol-
lution on health in the Eastern Mediterranean Region. World Health 
Organization—Regional Office for the Eastern Mediterranean. 
2019. http://www.emro.who.int/about-who/rc61/impact-air-
pollution.html (7 April 2021, date last accessed).

 [14] Meltzer J, Hultman NE, Langley C. Low-carbon Energy Transitions 
in Qatar and the Gulf Cooperation Council Region. Brookings 
Papers on Economic Activity. 2014. https://www.brookings.
edu/wp-content/uploads/2016/07/low-carbon-energy-
transitions-qatar-meltzer-hultman-full.pdf (7 April 2021, date 
last accessed).

 [15] DeNicola  E, et  al. Climate Change and Water Scarcity: The 
Case of Saudi Arabia. Ann Glob Health, 2015,81:342–353.

 [16] Official website of the Kingdom of Saudi Arabia. Kingdom 
of Saudi Arabia Vision 2030. Vision2030.gov. 2017. https://vi-
sion2030.gov.sa/en (7 April 2021, date last accessed).

 [17] Alnabit  S. The State of Qatar Second Voluntary National 
Review. the High Level Political Forum on Sustainable 
Development. 2018. https://sustainabledevelopment.un.org/
content/documents/20443SDG_Qatar_En_Draft7_Landscape_3.
pdf (7 April 2021, date last accessed).

Alatiq et al. | 351

https://www.eia.gov/tools/faqs/faq.php
https://www.eia.gov/tools/faqs/faq.php
https://data.worldbank.org/indicator/TX.VAL.FUEL.ZS.UN
http://www.geoexpro.com/articles/2008/06/the-emergence-of-the-arabian-oil-industry
http://www.geoexpro.com/articles/2008/06/the-emergence-of-the-arabian-oil-industry
https://www.belfercenter.org/sites/default/files/legacy/files/Qatars_Gas_Revolution.pdf
https://www.belfercenter.org/sites/default/files/legacy/files/Qatars_Gas_Revolution.pdf
https://population.un.org/wpp/Download/Standard/Population/
https://population.un.org/wpp/Download/Standard/Population/
https://www.icos-cp.eu/science-and-impact/global-carbon-budget/2020
https://www.icos-cp.eu/science-and-impact/global-carbon-budget/2020
https://www.icos-cp.eu/science-and-impact/global-carbon-budget/2020
https://www.kapsarc.org/research/publications/what-is-behind-the-recent-fall-in-saudi-arabias-co2-emissions/
https://www.kapsarc.org/research/publications/what-is-behind-the-recent-fall-in-saudi-arabias-co2-emissions/
https://www.kapsarc.org/research/publications/what-is-behind-the-recent-fall-in-saudi-arabias-co2-emissions/
https://treaties.un.org/Pages/ViewDetails.aspx?src=TREATY&mtdsg_no=XXVII-7-d&chapter=27&clang=_en
https://treaties.un.org/Pages/ViewDetails.aspx?src=TREATY&mtdsg_no=XXVII-7-d&chapter=27&clang=_en
https://treaties.un.org/Pages/ViewDetails.aspx?src=TREATY&mtdsg_no=XXVII-7-d&chapter=27&clang=_en
https://www.enerclub.es/file/uykSbB0qjokrWmEwNq53IQ
https://unfccc.int/resource/docs/natc/bhrnc2.pdf
https://unfccc.int/resource/docs/natc/bhrnc2.pdf
http://www.newkuwait.gov.kw/r7.aspx
http://www.emro.who.int/about-who/rc61/impact-air-pollution.html
http://www.emro.who.int/about-who/rc61/impact-air-pollution.html
https://www.brookings.edu/wp-content/uploads/2016/07/low-carbon-energy-transitions-qatar-meltzer-hultman-full.pdf
https://www.brookings.edu/wp-content/uploads/2016/07/low-carbon-energy-transitions-qatar-meltzer-hultman-full.pdf
https://www.brookings.edu/wp-content/uploads/2016/07/low-carbon-energy-transitions-qatar-meltzer-hultman-full.pdf
https://vision2030.gov.sa/en
https://vision2030.gov.sa/en
https://sustainabledevelopment.un.org/content/documents/20443SDG_Qatar_En_Draft7_Landscape_3.pdf
https://sustainabledevelopment.un.org/content/documents/20443SDG_Qatar_En_Draft7_Landscape_3.pdf
https://sustainabledevelopment.un.org/content/documents/20443SDG_Qatar_En_Draft7_Landscape_3.pdf


 [18] The Peninsula. Qatar to adopt first renewable energy 
strategy. thepeninsulaqatar.com. 2017. https://www.
thepeninsulaqatar.com/article/27/11/2017/Qatar-to-adopt-
first-renewable-energy-strategy (7 April 2021, date last 
accessed).

 [19] Government Communications Office of the State of Qatar. 
Qatar National Vision 2030. Qatar Government Communications 
Office. 2008. https://www.gco.gov.qa/en/about-qatar/national-
vision2030/ (7 April 2021, date last accessed).

 [20] United Arab Emirates Ministry of Energy & Infrastructure. Vice 
President unveils UAE energy strategy for next three decades. moei.
gov.ae. 2017. https://www.moei.gov.ae/en/media-centre/news.
aspx#page=1 (7 April 2021, date last accessed).

 [21] Oman 2040 Team. Oman Vision 2040. 2040.om. 2020. https://
www.2040.om/wp-content/uploads/2020/10/Oman2040-
draft-En.pdf (7 April 2021, date last accessed).

 [22] International Energy Agency (IEA). Countries & Regions. iea.org. 
2020. https://www.iea.org/countries (7 April 2021, date last 
accessed).

 [23] Dupain X, Makkee M, Moulijn JA. Optimal conditions in fluid 
catalytic cracking: A mechanistic approach. Applied Catalysis 
A: General, 2006, 297:198–219.

 [24] Pilorgé  H, et  al. Cost Analysis of Carbon Capture and 
Sequestration of Process Emissions from the U.S. Industrial 
Sector. Environ Sci Technol, 2020, 54:7524–7532.

 [25] Sharma  S, Ghoshal  SK. Hydrogen the future transporta-
tion fuel: From production to applications. Renewable and 
Sustainable Energy Reviews, 2015, 43:1151–1158.

 [26] Liguori S, Kian K, Buggy N, et al. Opportunities and challenges 
of low-carbon hydrogen via metallic membranes. Progress in 
Energy and Combustion Science, 2020, 80:100851.

 [27] Reynolds  CD. Decarbonizing Freight Transport: Mobile Carbon 
Capture from Heavy-Duty Vehicles. 2019. https://deepblue.
lib.umich.edu/bitstream/handle/2027.42/151521/creyn_1.
pdf?sequence=1&isAllowed=y (7 April 2021, date last 
accessed).

 [28] Beuttler  C, Charles  L, Wurzbacher  J. The Role of Direct Air 
Capture in Mitigation of Anthropogenic Greenhouse Gas 
Emissions. Front Clim, 2019, 1:10.

 [29] National Academies of Sciences Engineering and Medicine 
(NASEM). Negative Emissions Technologies and Reliable 
Sequestration: A  Research Agenda. Washington, DC: The 
National Academies Press, 2019. https://www.nap.edu/
catalog/25259/negative-emissions-technologies-and-
reliable-sequestration-a-research-agenda (7 April 2021, 
date last accessed).

 [30] Keith DW, Holmes G, St. Angelo D, Heidel K. A Process 
for Capturing CO2 from the Atmosphere. Joule, 2018, 
2:1573–1594.

 [31] Breyer C, Fasihi M, Bajamundi C, et al. Direct Air Capture of CO2: 
A Key Technology for Ambitious Climate Change Mitigation. 
Joule, 2019, 3:2053–2057.

 [32] Bruhn T, Naims H, Olfe-Kräutlein B. Separating the debate on 
CO2 utilisation from carbon capture and storage. Environmental 
Science & Policy, 2016, 60:38–43.

 [33] Wilcox  J, Kolosz  B, Freeman  J, eds. Carbon Dioxide Removal 
Primer. 2021. https://cdrprimer.org (7 April 2021, date last 
accessed).

 [34] Woodall CM, McQueen N, Pilorgé H, et al. Utilization of mineral 
carbonation products: current state and potential. Greenhouse 
Gases: Science and Technology, 2019, 9:1096–1113.

 [35] University of Chicago. Kaya Identity Scenario Prognosticator. http://
climatemodels.uchicago.edu/kaya/kaya.doc.html (7 April 2021, 
date last accessed).

 [36] The World Bank. CO2 Intensity (Kg per Kg of Oil Equivalent 
Energy Use). Carbon Dioxide Information Analysis Center, 

Environmental Sciences Division, Oak Ridge National 
Laboratory, Tennessee, United States. 2021. https://data.
worldbank.org/indicator/EN.ATM.CO2E.EG.ZS (7 April 2021, 
date last accessed).

 [37] International Monetary Fund (IMF). World Economic Outlook 
Database. 2020. https://www.imf.org/en/Publications/WEO/
weo-database/2020/October (7 April 2021, date last accessed).

 [38] Campbell  DE, Lu  H, Walker  HA. Relationships among the 
Energy, Emergy, and Money Flows of the United States from 
1900 to 2011. Front Energy Res, 2014, 2:41.

 [39] Enerdata. Power Plant Tracker. 2019. https://www.enerdata.net 
(7 April 2021, date last accessed).

 [40] Mills AD, Wiser RH, Seel J. Power Plant Retirements: Trends and 
Possible Drivers. 2017:1411667. http://www.osti.gov/servlets/
purl/1411667/ (7 April 2021, date last accessed).

 [41] McQueen N, Desmond MJ, Socolow RH, et al. Natural Gas vs. 
Electricity for Solvent-Based Direct Air Capture. Front Clim, 
2021, 2:38.

 [42] James RE III, Kearins D, Turner M, et al. Cost and Performance 
Baseline for Fossil Energy Plants Volume 1: Bituminous Coal 
and Natural Gas to Electricity. NETL. 2019. https://doi.org/10. 
2172/1569246 (7 April 2021, date last accessed).

 [43] NREL. Natural Gas Plants. Annual Technology Baseline. 2018. 
https://atb.nrel.gov/electricity/2018/index.html?t=cg#eia-2018 
(7 April 2021, date last accessed).

 [44] U.S. Energy Information Administration (EIA). Average utilization 
for natural gas combined-cycle plants exceeded coal plants in 2015. 
https://www.eia.gov 2016. https://www.eia.gov/todayinenergy/ 
detail.php?id=25652 (7 April 2021, date last accessed).

 [45] U.S. Energy Information Administration (EIA). Carbon Dioxide 
Emissions Coefficients. eia.gov. 2016. https://www.eia.gov/envir-
onment/emissions/co2_vol_mass.php (7 April 2021, date last 
accessed).

 [46] ESRI 2019. ArcGIS Desktop: Release 10.7.1. Redlands, CA: 
Environmental Systems Research Institute Inc. https://
desktop.arcgis.com/en/arcmap/ (7 April 2021, date last 
accessed).

 [47] Chubb Custom Cartography. Energy Maps. cccarto.com. 2018. 
https://www.cccarto.com/energymaps/ (7 April 2021, date last 
accessed).

 [48] Hartmann  J, Moosdorf  N. The new global lithological map 
database GLiM: A  representation of rock properties at the 
Earth surface. Geochemistry, Geophysics, Geosystems, 2012, 
13:Q12004.

 [49] Whittaker JM, Afonso JC, Masterton S, et al. Long-term inter-
action between mid-ocean ridges and mantle plumes. Nature 
Geosci, 2015, 8:479–483.

 [50] Johansson  L, Zahirovic  S, Müller  RD. The Interplay Between 
the Eruption and Weathering of Large Igneous Provinces and 
the Deep-Time Carbon Cycle. Geophysical Research Letters, 2018, 
45:5380–5389.

 [51] Pitman  JK, Schenk  CJ, Brownfield  ME, et  al. Assessment 
of Undiscovered Conventional Oil and Gas Resources of the 
Arabian Peninsula and Zagros Fold Belt. U.S. Geological 
Survey (USGS). 2012:4. https://pubs.er.usgs.gov/publica-
tion/fs20123115 (7 April 2021, date last accessed).

 [52] Protected Planet. Marine Protected Areas. Marine Protected 
Areas. 2020. https://www.protectedplanet.net/marine (7 April 
2021, date last accessed).

 [53] Flanders Marine Institute. Maritime Boundaries Geodatabase: 
Maritime Boundaries and Exclusive Economic Zones (200NM), ver-
sion 11. 2019. https://www.marineregions.org/ (7 April 2021, 
date last accessed).

 [54] Coleman  RG, Irwin  WP. Ophiolites and Ancient Continental 
Margins. In: Burk CA, Drake CL (eds.). The Geology of Continental 
Margins. Berlin Heidelberg: Springer-Verlag, 1974.

352 | Clean Energy, 2021, Vol. 5, No. 2

https://www.thepeninsulaqatar.com/article/27/11/2017/Qatar-to-adopt-first-renewable-energy-strategy
https://www.thepeninsulaqatar.com/article/27/11/2017/Qatar-to-adopt-first-renewable-energy-strategy
https://www.thepeninsulaqatar.com/article/27/11/2017/Qatar-to-adopt-first-renewable-energy-strategy
https://www.gco.gov.qa/en/about-qatar/national-vision2030/
https://www.gco.gov.qa/en/about-qatar/national-vision2030/
https://www.moei.gov.ae/en/media-centre/news.aspx#page=1
https://www.moei.gov.ae/en/media-centre/news.aspx#page=1
https://www.2040.om/wp-content/uploads/2020/10/Oman2040-draft-En.pdf
https://www.2040.om/wp-content/uploads/2020/10/Oman2040-draft-En.pdf
https://www.2040.om/wp-content/uploads/2020/10/Oman2040-draft-En.pdf
https://www.iea.org/countries
https://deepblue.lib.umich.edu/bitstream/handle/2027.42/151521/creyn_1.pdf?sequence=1&isAllowed=y
https://deepblue.lib.umich.edu/bitstream/handle/2027.42/151521/creyn_1.pdf?sequence=1&isAllowed=y
https://deepblue.lib.umich.edu/bitstream/handle/2027.42/151521/creyn_1.pdf?sequence=1&isAllowed=y
https://www.nap.edu/catalog/25259/negative-emissions-technologies-and-reliable-sequestration-a-research-agenda
https://www.nap.edu/catalog/25259/negative-emissions-technologies-and-reliable-sequestration-a-research-agenda
https://www.nap.edu/catalog/25259/negative-emissions-technologies-and-reliable-sequestration-a-research-agenda
https://cdrprimer.org
http://climatemodels.uchicago.edu/kaya/kaya.doc.html
http://climatemodels.uchicago.edu/kaya/kaya.doc.html
https://data.worldbank.org/indicator/EN.ATM.CO2E.EG.ZS
https://data.worldbank.org/indicator/EN.ATM.CO2E.EG.ZS
https://www.imf.org/en/Publications/WEO/weo-database/2020/October
https://www.imf.org/en/Publications/WEO/weo-database/2020/October
https://www.enerdata.net
http://www.osti.gov/servlets/purl/1411667/
http://www.osti.gov/servlets/purl/1411667/
https://doi.org/10.2172/1569246
https://doi.org/10.2172/1569246
https://atb.nrel.gov/electricity/2018/index.html?t=cg#eia-2018
https://www.eia.gov 2016. https://www.eia.gov/todayinenergy/detail.php?id=25652
https://www.eia.gov 2016. https://www.eia.gov/todayinenergy/detail.php?id=25652
https://www.eia.gov/environment/emissions/co2_vol_mass.php
https://www.eia.gov/environment/emissions/co2_vol_mass.php
https://desktop.arcgis.com/en/arcmap/
https://desktop.arcgis.com/en/arcmap/
https://www.cccarto.com/energymaps/
https://pubs.er.usgs.gov/publication/fs20123115
https://pubs.er.usgs.gov/publication/fs20123115
https://www.protectedplanet.net/marine
https://www.marineregions.org/


 [55] Badger  J, Hahmann  A, Guo  Larsen  X, et  al. The Global Wind 
Atlas: An EUDP Project Carried out by DTU Wind Energy. 2015:102. 
https://globalwindatlas.info/ (7 April 2021, date last accessed).

 [56] International Energy Agency (IEA). Saudi Arabia. www.eia.
org. 2018. https://www.iea.org/countries/saudi-arabia (7 April 
2021, date last accessed).

 [57] Mansouri NY, Crookes RJ, Korakianitis T. A projection of energy 
consumption and carbon dioxide emissions in the electricity 
sector for Saudi Arabia: The case for carbon capture and storage 
and solar photovoltaics. Energy Policy, 2013, 63:681–695.

 [58] Alharbi  FR, Csala  D. GCC Countries’ Renewable Energy 
Penetration and the Progress of Their Energy Sector Projects. 
IEEE Access, 2020, 8:211986–212002.

 [59] Aghahosseini A, Bogdanov D, Breyer C. Towards sustainable 
development in the MENA region: Analysing the feasibility of 
a 100% renewable electricity system in 2030. Energy Strategy 
Reviews, 2020, 28:100466.

 [60] Fälth HE, Atsmon D, Reichenberg L, et al. MENA compared to 
Europe: The influence of land use, nuclear power, and trans-
mission expansion on renewable electricity system costs. 
Energy Strategy Reviews, 2021, 33:100590.

 [61] Baruch-Mordo S, Kiesecker JM, Kennedy CM, et al. From Paris 
to practice: sustainable implementation of renewable energy 
goals. Environ Res Lett, 2019, 14:109501.

 [62] Fluor (R). Carbon Capture. www.fluor.com. 2020. https://www.
fluor.com/client-markets/energy-chemicals/carbon-capture 
(7 April 2021, date last accessed).

 [63] ENG. Petra Nova. www.nrg.com. 2020. https://www.nrg.
com/case-studies/petra-nova.html (7 April 2021, date last 
accessed).

 [64] Plains CO2 Reduction (PCOR) Partnership. SaskPower Boundary 
Dam Carbon Capture Project. undeerc.org. 2020. https://undeerc.
org/pcor/co2sequestrationprojects/SaskPower.aspx (20 October 
2020, date last accessed).

 [65] SaskPower. Boundary Dam Carbon Capture Project. www.
saskpower.com. 2020. https://www.saskpower.com/our-
power-future/infrastructure-projects/carbon-capture-and-
storage/boundary-dam-carbon-capture-project (7 April 2021, 
date last accessed).

 [66] Psarras  P, et  al. Cost Analysis of Carbon Capture and 
Sequestration from U.S. Natural Gas-Fired Power Plants. 
Environ Sci Technol, 2020,54:6272–6280.

 [67] Rubin ES, Davison JE, Herzog HJ. The cost of CO2 capture and 
storage. International Journal of Greenhouse Gas Control, 2015, 
40:378–400.

 [68] Oskui  GP, Matrouk  MF, Salman  MJ. Carbon Capture from 
Industrial Emission Sources for Use in Enhanced Oil Recovery 
Applications in Kuwait. SPE EOR Conference at Oil & Gas 
West Asia, Muscat, Oman, April 2010. doi:10.2118/128390-MS 
(7 April 2021, date last accessed).

 [69] Al-Saleh  YM, Vidican  G, Natarajan  L, et  al. Carbon capture, 
utilisation and storage scenarios for the Gulf Cooperation 
Council region: A Delphi-based foresight study. Futures, 2012, 
44:105–115.

 [70] Tsai I-T, Ali MA, Waddi SE, et al. Carbon Capture Regulation for 
The Steel and Aluminum Industries in the UAE: An Empirical 
Analysis. Energy Procedia, 2013, 37:7732–7740.

 [71] Al-Yaeeshi  AA, Al-Ansari  T, Govindan  R. The potential for 
carbon dioxide capture and utilization within the State of 
Qatar. In: Friedl A, Klemeš JJ, Radl S, et al. (eds.). 28th European 
Symposium on Computer Aided Process Engineering. Vol. 43. Graz, 
Austria: Elsevier, 2018, 1499–1504.

 [72] Liu H, Tellez BG, Atallah T, et al. The role of CO2 capture and 
storage in Saudi Arabia’s energy future. International Journal of 
Greenhouse Gas Control, 2012, 11:163–171.

 [73] Petroleum Development Oman. Miraah Solar Project. 2019. 
https://www.pdo.co.om/en/technical-expertise/solar-project-
miraah/Pages/default.aspx (7 April 2021, date last accessed).

 [74] Paukert  AN, Matter  JM, Kelemen  PB, et  al. Reaction path 
modeling of enhanced in situ CO2 mineralization for carbon 
sequestration in the peridotite of the Samail Ophiolite, 
Sultanate of Oman. Chemical Geology, 2012, 330–331:86–100.

 [75] Global CCS Institute. CO2RE database. 2020. https://co2re.co 
(7 April 2021, date last accessed).

 [76] Middle East Pipelines map—Crude Oil (petroleum) pipelines—
Natural Gas pipelines—Products pipelines. 2017. https://theodora.
com/pipelines/middle_east_oil_gas_products_pipelines_map.
html (7 April 2021, date last accessed).

 [77] Voskian S, Hatton TA. Faradaic electro-swing reactive adsorp-
tion for CO2 capture. Energy Environ Sci, 2019, 12:3530–3547.

 [78] Tetreault-Friend  M. CSPonD: Demonstration of a 25 kW 
dispatchable solar power system. 2020. In: International 
Conference on Applied Energy (ICAE), Applied Energy 
Symposium MIT A+B 2020, Boston, USA. Aug 13–14, 2020. 
https://www.youtube.com/watch?v=GsplZxUptGI (7 April 
2021, date last accessed).

 [79] Gil  A, Grange  B, Perez  V, et  al. CSPonD demonstrative pro-
ject: Start-up process of a 25 kW prototype. AIP Conference 
Proceedings, 2017, 1850:110003.

 [80] The Official Portal of the UAE Government. UAE Energy 
Strategy 2050. 2020. https://u.ae/en/about-the-uae/strategies-
initiatives-and-awards/federal-governments-strategies-
and-plans/uae-energy-strategy-2050 (7 April 2021, date last 
accessed).

 [81] Mirza A-H. The Kingdom of Bahrain National Renewable Energy Action 
Plan (NREAP). 2017. http://www.sea.gov.bh/wp-content/up-
loads/2018/04/02_NREAP-Full-Report.pdf (20 October 2020, date 
last accessed).

 [82] United Nations. Kuwait Voluntary National Review 2019. UN 
High-Level Political Forum on Sustainable Development: 
United Nations’ Sustainable Development Goals, 2019:112. 
https://sustainabledevelopment.un.org/content/documents/ 
23384Kuwait_VNR_FINAL.PDF (7 April 2021, date last 
accessed).

 [83] Kottasová I, Tawfeeq M. Oil-rich UAE opens the Arab world’s first 
nuclear power plant. Experts question why. CNN. 2020. https://
www.cnn.com/2020/08/01/middleeast/nuclear-power-uae-
intl/index.html (7 April 2021, date last accessed).

Alatiq et al. | 353

https://globalwindatlas.info/
https://www.iea.org/countries/saudi-arabia
https://www.fluor.com/client-markets/energy-chemicals/carbon-capture
https://www.fluor.com/client-markets/energy-chemicals/carbon-capture
https://www.nrg.com/case-studies/petra-nova.html
https://www.nrg.com/case-studies/petra-nova.html
https://undeerc.org/pcor/co2sequestrationprojects/SaskPower.aspx
https://undeerc.org/pcor/co2sequestrationprojects/SaskPower.aspx
https://www.saskpower.com/our-power-future/infrastructure-projects/carbon-capture-and-storage/boundary-dam-carbon-capture-project
https://www.saskpower.com/our-power-future/infrastructure-projects/carbon-capture-and-storage/boundary-dam-carbon-capture-project
https://www.saskpower.com/our-power-future/infrastructure-projects/carbon-capture-and-storage/boundary-dam-carbon-capture-project
https://doi.org/10.2118/128390-MS
https://www.pdo.co.om/en/technical-expertise/solar-project-miraah/Pages/default.aspx
https://www.pdo.co.om/en/technical-expertise/solar-project-miraah/Pages/default.aspx
https://co2re.co
https://theodora.com/pipelines/middle_east_oil_gas_products_pipelines_map.html
https://theodora.com/pipelines/middle_east_oil_gas_products_pipelines_map.html
https://theodora.com/pipelines/middle_east_oil_gas_products_pipelines_map.html
https://www.youtube.com/watch?v=GsplZxUptGI
https://u.ae/en/about-the-uae/strategies-initiatives-and-awards/federal-governments-strategies-and-plans/uae-energy-strategy-2050
https://u.ae/en/about-the-uae/strategies-initiatives-and-awards/federal-governments-strategies-and-plans/uae-energy-strategy-2050
https://u.ae/en/about-the-uae/strategies-initiatives-and-awards/federal-governments-strategies-and-plans/uae-energy-strategy-2050
http://www.sea.gov.bh/wp-content/uploads/2018/04/02_NREAP-Full-Report.pdf
http://www.sea.gov.bh/wp-content/uploads/2018/04/02_NREAP-Full-Report.pdf
https://sustainabledevelopment.un.org/content/documents/23384Kuwait_VNR_FINAL.PDF
https://sustainabledevelopment.un.org/content/documents/23384Kuwait_VNR_FINAL.PDF
https://www.cnn.com/2020/08/01/middleeast/nuclear-power-uae-intl/index.html
https://www.cnn.com/2020/08/01/middleeast/nuclear-power-uae-intl/index.html
https://www.cnn.com/2020/08/01/middleeast/nuclear-power-uae-intl/index.html

