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Abstract: Increased levels of carbon dioxide have revolutionised the Earth; higher temperatures,
melting icecaps, and flooding are now more prevalent. Fortunately, renewable energy mitigates
this problem by making up 20% of human energy needs. However, from a “green environment”
perspective, can carbon dioxide emissions in the atmosphere be reduced and eliminated? The
carbon economic circle is an ideal solution to this problem, as it enables us to store, use, and remove
carbon dioxide. This research introduces the circular carbon economy (CCE) and addresses its
economic importance. Additionally, the paper discusses carbon capture and storage (CCS), and
the utilisation of CO,. Furthermore, it explains current technologies and their future applications
on environmental impact, CO, capture, utilisation, and storage (CCUS). Various opinions on the
best way to achieve zero carbon emissions and on CO; applications and their economic impact are
also discussed. The circular carbon economy can be achieved through a highly transparent global
administration that is supportive of advanced technologies that contribute to the efficient utilisation
of energy sources. This global administration must also provide facilities to modernise and develop
factories and power stations, based on emission-reducing technologies. Monitoring emissions in
countries through a global monitoring network system, based on actual field measurements, linked
to a worldwide database allows all stakeholders to track the change in greenhouse gas emissions. The
process of sequestering carbon dioxide in the ocean is affected by the support for technologies and
industries that adopt the principle of carbon recycling in order to maintain the balance. This includes
supporting initiatives that contribute to increasing vegetation cover and preserving oceans from
pollutants, especially chemicals and radioactive pollutants, which will undoubtedly affect the process
of sequestering carbon dioxide in the oceans, and this will contribute significantly to maintaining
carbon dioxide at acceptable levels.

Keywords: CCE; circular carbon economy; circular economy; CO,; economic impact; zero carbon emis-
sion; CCUS

1. Introduction

Global CO; emissions reached 36 gigatons (GT) in 2017; this translates to a loss
of nearly 10 tons of carbon to the environment [1]. By 2050, there will be a profound
transformation in carbon economics, spurred on by the desire to reduce carbon dioxide
emissions and reuse the same in a wide range of advanced industrial processes that
use modern technologies and artificial intelligence. All industries, especially those that
consume a large amount of energy, must include low-carbon options, such as gaseous
fuels and others [2]. However, there are two sides to this debate. One side argues that
there is no relationship between global warming and CO;. They think that measuring the
effect of human activity on the climate is difficult and complex, and they cannot reconcile
with the notion that CO, is a primary contributor to global warming [3]. The other side
argues that CO; is the main reason for global warming. Studies show that the carbon

Sustainability 2021, 13, 11625. https:/ /doi.org/10.3390/su132111625

https:/ /www.mdpi.com/journal/sustainability


https://www.mdpi.com/journal/sustainability
https://www.mdpi.com
https://orcid.org/0000-0001-7130-3402
https://doi.org/10.3390/su132111625
https://doi.org/10.3390/su132111625
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/su132111625
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com/article/10.3390/su132111625?type=check_update&version=1

Sustainability 2021, 13, 11625

2 of 25

dioxide levels in the atmosphere have increased since the beginning of the Industrial
Revolution. However, what is the rate of warming that might arise due to the increased
CO, concentration in the air? Natural experiments, based on real-world observations,
indicate that global warming of no more than a few tenths of a degree can result from
such an increase in carbon dioxide [4]. Recent research also shows that methane emissions
outpace the impact of carbon sinks from trees in wooded wetlands [5].

In addition, there is some evidence of the contribution of greenhouse gases to the
increase in global temperature, and other evidence confirms that other factors, such as
solar activity and associated cosmic ray (CR) modulations, may have a more significant
contribution than greenhouse gases. It is well known that solar activity and its associated
geomagnetic disturbances affect the propagation of high-energy CR. During the high solar
activity, the number of CRs is modulated (i.e., decreased) due to the increase in magnetic
activity, which affects the rate of CRs at the top of the atmosphere. This modulation in
the flux of the primary CRs affects the level of atmospheric ionisation, as CR particles
are one of the main sources of atmospheric ionisation. Once the primary CR particles
enter the upper atmosphere of the Earth, they interact with atmospheric molecules and
produce atmospheric nuclear-electromagnetic-muon cascades. Depending on the energy
of the primary particles, these cascades continue to produce more particles until they
reach sea level. Due to their energies and their capabilities to cause ionisations in the
Earth’s atmosphere at different atmospheric levels, CR particles have the ability to change
atmospheric properties, which affect their physical and chemical characteristics. The
most important consequences of CR interactions with atmospheric molecules are aerosol
formations and their subsequent condensation processes (e.g., the production of ultrafine
aerosols, which may act as cloud condensation nuclei).

Additionally, atmospheric aerosols are one of the significant factors affecting incoming
solar radiation through scattering and absorption. Therefore, solar activity and the associ-
ated CR modulation can be considered to affect the distributions of meteorological variables
directly or indirectly. Hence, their impact on climate change cannot be excluded [6-8].

Deforestation hurts the climate; this is evident in the worsening deforestation rates
in the Amazon rainforest. In 2019, 10,129 km? of forest cover was cut. Unfortunately, the
deforestation rate continued to grow by 9.5% in 2020, compared to the previous year [9].
Carbon stocks remaining in humid tropical forests are currently at risk of human deforesta-
tion, and there is a potential for these stocks to be released due to climate change Moreover,
continued tropical deforestation will play a massive role in accumulating greenhouse gas
concentrations in the future [10]. Tropical forests are a significant factor in stabilising carbon
dioxide in the climate. As tropical forests greatly benefit the ecosystem, it is unfortunate
that they are lost for unsustainable benefits. The actual loss is when environmental degra-
dation remains over the years. Despite the constant prohibitions against deforestation and
logging, only 12% of the original tropical forest cover remains; thus, the remainder of these
forests must be preserved [11].

Between 1984 and 2016, 45,945.08 km? of vegetation cover was lost in Northern Nigeria.
Bare land increased by 28,293.07 km?, and the built-up area also increased by 11,422.48 km?
within the same time (Figure 1). The massive increase in the barren lands is associated
with the intense creep of desert sand. Sand traps the incoming solar radiation during
the day, which leads to a rise in the heating of the Earth’s surface. This, in turn, imposes
extremely austere conditions that lead to the deterioration of the abundance of vegeta-
tion [12]. The circular carbon economy (CCE) is an integrated system that leans on reducing
CO; emissions and manage them through an environmental and economical integrated
management system that works on modern technologies [13]. The circular carbon economy
(CCE) system achieves a balance by closing the carbon circle, capturing CO, emissions,
and using them economically after their initial linear use [13]. This approach differs in
that it does not focus solely on reducing or avoiding the increase in the amounts of carbon.
The steady increase in carbon dioxide levels requires increased effort to mitigate their
impact [14]. Carbon dioxide is sourced either naturally or through human intervention [15].
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There are many uses for carbon dioxide; it can be used immediately after its capture or
after being chemically reacted. These uses are considered to be the actual seizure of carbon
dioxide, since they exploit carbon dioxide emissions for valuable materials. CO, capture
and storage (CCS) effectively reduce carbon dioxide emissions [16].
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Figure 1. Spatial variation and temporal changes in land cover are shown throughout the study from
1984 to 2016. Adapted with permission from Elsevier Ref. [12].

There are many techniques for removing carbon dioxide [17,18] that will be discussed
from a technical and economic point of view, as well as the existence of masses of research
methods that deal with the uptake and utilisation of carbon dioxide sequestration; however,
the issue of taking advantage of carbon emissions, recycling and benefiting from them,
and looking at carbon emissions from an economic perspective are topics that need more
studies and research. Therefore, this article attempts to treat the subject from a holistic view
and draw a roadmap for further research and studies in this field.

2. Greenhouse Effect

Without the greenhouse effect, life on Earth is not possible. It is a natural phenomenon
that occurs when the gases in the atmosphere trap the heat coming from the sun. The
fundamental physics of this process have been understood; the sun pours out large amounts
of radiation across the electromagnetic spectrum. As incoming solar radiation is absorbed
and reemitted back from the Earth’s surface, as infrared energy, the greenhouse gases
(GHG) prevent some of this heat from escaping, instead of reflecting the energy to heat the
planets [19]. Figure 2 illustrates the magnitude of sun radiation streams, which is based
on the available observational data. The radiant energy flux is about 341 Wm~2 for each
square meter between the Earth and the sun. About 30% of this radiation is reflected back
to space by ice, deserts, and clouds, leaving 239 Wm 2 available to the climate system.
The atmosphere is transparent to short-wavelength solar radiation, and only 78 Wm 2
is absorbed by it, leaving about 161 Wm ™2 to be transmitted to the surface. Because of
greenhouse gases and clouds, 333 Wm 2 of back radiation also warms the Earth’s surface
from the atmosphere. Thus, the surface will emit heat radiation of about 396 Wm ™2, which
is 157 Wm ™2 greater than the 239 Wm~2 that leaves the top of the atmosphere [20]. The
greenhouse effect makes the Earth a comfortable place to live, warming the planet and
providing all the energy that drives the climate system. Anthropogenic GHG emissions
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are a change in the Earth’s energy balance, between incoming solar radiation and the heat
released back into space, increasing the negative impact of the greenhouse effect, and
resulting in climate change [21,22].
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Figure 2. The annual global energy flows of the Earth’s climate system. The broad arrows indicate
the schematic flow of energy in proportion to their importance. Adapted with permission from
Trenberth [21].

2.1. Greenhouse Gases

There are many greenhouse gas sources (GHGs) naturally occurring, such as water
vapour, CO,, methane, and nitrous oxide. Perfluorocarbons (CFg, CyF¢), hydrofluorocar-
bons (CHF3, CF3CH,F, CH3CHF,), and sulphur hexafluoride (SF) are only present in
the atmosphere due to industrial processes [23]. Water vapour is considered to be the
most dominant GHG in the atmosphere. The concentration of water vapour is not directly
dependent upon human activities [21]. However, CO, accounted for about 78% of human
activities in 2010 [24]. Global warming potentials (GWPs) show the relative effectiveness
of greenhouse gases on the Earth’s heat absorption in a given time frame. Usually, CO; is
used as the reference gas, and its GWP is one [24]. For example, the 100-year GWP of CHy
is 28, indicating that its radiative effect on a mass basis is 28 times that of CO; over the
same time horizon. The mass of carbon dioxide equivalents is calculated by multiplying
the emissions by the GWP of the gas [25]. Table 1 shows the primary greenhouse gases.
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Table 1. The main greenhouse gases [21,26].

Greenhouse Gas Main Activity Source Average Lifetime in the Atmosphere 100-Years GWP
CO, Fossil fuels, cement production, land-use change Variable * 1
CHy Fossil fuels, rice paddies, waste dumps, livestock 12 28
N,O Fertilizers, combustion industrial processes 121 265
CHF; Electronics, refrigerants 222 12,400
CF;CH,F Refrigerants 13 1300
CH3CHF, Industrial processes 15 138
CFy Aluminium production 50,000 6630
C,Fg Aluminium production 10,000 11,100
SF¢ Electrical insulation 3200 23,500

* CO, lifetime cannot be represented with a single value.

2.2. Carbon Cycle

CO;, is the backbone of life on Earth. In the previous section, we see how CO; in the
atmosphere plays an essential role in maintaining the temperature of our planet. CO; is
necessary; however, this need is also entwined with one of the most severe problems facing
humanity today, which is global climate change.

It is essential to understand the biological, geological, and chemical mechanisms that
control the CO; in the atmosphere. Figure 3 shows the various processes by which CO,
is exchanged between different regions of the Earth. The exchange of CO; that flows
between each reservoir is called the carbon cycle, which has both slow and fast components.
Any cyclical change that removes carbon from one reservoir will place more CO, in other
reservoirs. As a result, changes in the emission of carbon gas into the atmosphere have
caused the Earth’s temperature to rise.
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Figure 3. Schematic diagram of the natural balance and industrial emissions in carbon dioxide.
Reproduced, adapted and reprinted from Reference [27].

2.3. COy Sources

COs, is one of the GHGs that absorbs heat and radiates it gradually over time. CO; is
naturally present in underground rocks, and is released into the atmosphere by respiration
decomposition and ocean release. The release of carbon dioxide from the oceans is in
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equilibrium with the carbon dioxide in the atmosphere, and around 30% of CO; is absorbed
by oceans and released into the atmosphere [28]. This has made this planet warm and
comfortable until recently, when global temperatures have risen, leading to a potentially
perilous future. The increase in carbon dioxide in the atmosphere is one of the reasons for
the rise in temperature [29]. Before humans significantly impacted the climate, there was a
natural balance in the environment, in terms of its carbon dioxide content. The emissions
are used for other vital activities, and carbon dioxide is constantly recycled to maintain the
ecological balance. Among these activities are plant photosynthesis, ocean intake, fossil
formation, soil improvement, reforestation, and the decomposition of organic matter. The
increase in industrial activities did not consider the equilibrium approach to emissions;
therefore, the levels of carbon dioxide emitted by those activities, such as the use of fossil
fuels, electricity generation, cement production, transportation, and deforestation, compete
with the existing levels of carbon dioxide emissions from natural sources, as shown in
Figure 4. Carbon dioxide and other emissions have been on the rise for decades, affecting
climates in general [30].
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Figure 4. Some of the sources of carbon dioxide according to the type of source.
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3. The Circular Carbon Economy (CCE)

Traditional consumption methods have always been on a linear “production, con-
sumption and discharge” model, and were maintained in an unsustainable manner. Hence,
the starting point of the circular economy (CE) relies on the circular model [31]. The CE is
a pattern that aims to grow the economy without using limited consumption resources,
instead promoting recycling materials, and benefiting companies, society, and the envi-
ronment [32]. The CCE has facilitated the avoidance of many obstacles for companies,
by improving resource use and recycling efficiency [33]. In addition, the CCE framework
advances the understanding of system dynamics and linkages between mitigation options.
As a result, the CCE can play an essential role in reaching climate stabilisation. Ensuring
that technologies are available, mature, and cost-effective in each part of the CCE is critical
for achieving the climate goals at a reasonable cost.

The G20 Protection and Climate Stewardship Working Group (CSWG) conference was
held under the leadership of the Kingdom of Saudi Arabia. The most crucial goal of this
conference was to leverage the benefits of reducing greenhouse gas emissions by using
the CCE [34,35]. The objective is to limit the global temperature increase to less than 2 °C
before the end of the century [36]. CCE deals with the climate problem and plays a massive
role in achieving a more stable climate [32]. The CCE has 4R elements of a strategy that
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represent the following four organisational principles: reduce, reuse, recycle, and remove.
These four elements are the cornerstones of managing CCEs. What distinguishes the CCE
is the fourth element (remove) [14]. Figure 5 shows how the CCE can be expressed as a
system of energy and carbon flux and represents the fundamental nature of the system.
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Figure 5. Schematic of CCE elements.

Reduce: Use pathways that reduce carbon emissions. For example, energy efficiency,
in terms of both supply and demand, reduces energy consumption and the associated car-
bon. Likewise, carbon-neutral energy supply options, such as non-biotic renewable sources
and nuclear power, reduce the flow of carbon into the system as well. However, they can
indirectly lead to carbon emissions during its manufacture, construction, and installation.

Reuse: Carbon capture and utilisation mean that CO;, does not chemically react to
manufacture-enhanced or enhanced oil recovery material. In this context, the experience
of the Saudi Basic Industries Corporation (SABIC) is considered a pioneer in storing
and recycling carbon dioxide in the industry, to produce fertilisers and methanol, with
500,000 tons of carbon dioxide recycled each year [37].

Recycle: Chemical reactions conducted on carbon can convert it into new economically
beneficial substances. Recycling is represented in the natural carbon cycle as natural sinks,
such as plants, soil, and oceans, which pull CO; out of the atmosphere and then rerelease
it through decomposition and combustion. Thus, carbon is recycled efficiently, and the
bioenergy subsystem is considered zero-emission. As a result, an equivalent of biomass
grows to replace what is consumed as biological raw materials, such as wood, fuel crops,
and algae bioenergy.

Remove: Remove carbon from the system and store it either directly or from natural
sources. This method is the most effective. The captured carbon can be converted into
raw materials in “reuse” or removed by storing it through chemical or geological methods.
CO; can be directly captured from industrial processes and combustion points, and it can
also be captured directly from the air using direct air collection techniques. Also, land
can be managed to become a natural sink for carbon in the atmosphere. Natural sinks,
carbon capture and storage, bioenergy, and direct air harvesting can all close the loop
of emissions elsewhere, in areas that may be difficult or too expensive to capture such
emissions directly, such as from jet fuel combustion [11,32,33]. The economic importance of
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the carbon circle is limited to reducing carbon dioxide emissions and producing products
with economic value.

4. Carbon Capture, Utilisation, and Storage (CCUS)

The reduced carbon dioxide scenario is based on carbon dioxide capture and stor-
age [38]. The most effective method for mitigating carbon dioxide from the atmosphere
is carbon capture technologies [39,40]. The CCUS process separates carbon dioxide in
industrial production, energy sources, and other sources of significant emissions. It is then
transported through pipes, until it is injected underground for geological storage, to isolate
it for the long term from the atmosphere. It can also be utilised to create new products
from CO; [41-46]. When implementing a CCUS, it must look at the aspects on which
it depends, including absorptivity, infrastructure, capacity, costs, especially the costs of
technology transfer and localisation in developing countries. Carbon dioxide is produced
and accumulated by the combustion of the following substances: fossil fuels, natural gas,
or biofuel. It can be captured and reused in many industries, such as ammonia, steel,
and soft drinks [42]. Carbon capture, utilisation, and storage technologies consist of the
following four steps: carbon dioxide capture, carbon dioxide transport, carbon dioxide
utilisation, and carbon dioxide storage [47-50]. In this aspect, it is important to evaluate
each country’s ability to transfer and use these technologies in the field, and consider each
country’s legislation, regulations, and environmental situation.

4.1. CO;, Capture

CO;, capture is considered the most expensive step in CO, capture, utilisation, and
sequestration of CCUS [51]. Carbon dioxide is captured from sources of emission, such
as power plants. There are the following three carbon capture processes in power plants:
pre-combustion, oxy-fuel combustion, and post-combustion [52]. Carbon dioxide capture
has reached a high-tech level, as demonstrated by several commercial projects [53]. Figure 6
shows the three main carbon capture processes. Other techniques include absorbents [54],
adsorbents [55,56], cryogenic distillation [57], membranes [58,59], gas hydrates [60], and
chemical looping [61], as shown in Figure 7. However, during the past years, and until now,
attention has been focused on the production of materials and technologies that contribute
to capturing carbon dioxide and converting it into materials of economic value. These
materials and technologies face many obstacles, including selectivity, stability, reuse, the
cost of reuse, and overall cost. In the coming years, a revolution may occur in the field
of manufacturing carbon dioxide capture materials in terms of selectivity and cost. It is
expected that the cost of these materials will decrease with the increase in production
quantity. It is also expected that there will be an evolution in the technical methods used,
and this view is confirmed by the large jump in the amount of research and project support
in the field of carbon dioxide capture [62].
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4.2. COy Transport

After the process of capturing and compressing carbon dioxide, it can now be trans-
ported to storage. The transportation process is simple, and the potential routes of trans-
portation are either pipelines or ships. The most mutual transportation process involves
the existing oil pipelines, with a length of up to 1000 km. When carbon dioxide is stored
for a longer period, it is stored similarly to liquefied natural gas (LNG) [47].

4.3. CO;, Utilisation

Carbon utilisation is a term used to describe the many ways to make use of the
captured CO,, such as using or recycling the same, to produce economically valuable
products. In the following sections, a list of technologies related to carbon utilisation is
provided.

4.3.1. Carbon Dioxide—Enhanced Oil Recovery (CO,-EOR)

Enhanced oil recovery (EOR) using CO,, called CO,-EOR, has the following two
benefits: the first is to recover additional oil, thus saving energy and additional revenues
(Figure 8). The second benefit is the mitigation of climate change, brought about by a
reduction in anthropogenic carbon dioxide emissions [64]. The injection of carbon dioxide
into oil wells could increase oil production, as shown in Figure 8 [65]. Approximately 0.1 to
1.8 gigatons can be used and stored at projected costs, ranging from USD 40 to USD 60 per
ton of CO;, per year in 2050 [66]. Aramco can capture and process 45 million standard cubic
feet of CO;, then send it through an 85 km pipe to the Uthmaniyah oil field to be injected
into the oil reservoir. Uthmaniyah is the Middle East’s largest carbon EOR initiative that
aims to reduce emissions and improve oil extraction [67]. CO,-EOR reduces the proportion
of carbon dioxide in the atmosphere to 30-40%, compared to natural sources [68].

Oil Storage | Production

\ well
Injection
CO2 Well
-

Increase oil recovery 1
by CO2 inject oil
]

co, 2 Oil bank

CO:2 gas truck

\
Drive water == CO; == ~water~== CO, == Miscible zone COZ-I ‘CO Co;
2

Figure 8. Carbon dioxide-enhanced oil recovery (CO,-EOR).

4.3.2. Synthetic Fuel

The energy stored in hydrocarbons can be converted into fuel and electricity through
clean hydrocarbon technologies [69]. Hydrocarbon fuel is a combination of carbon and
hydrogen; sunlight can be used to recycle carbon dioxide, along with water, into a clean
hydrocarbon fuel that is compatible with our existing energy infrastructure, including
methanol, synchronous fuels, and syngas. However, the current costs are so high that 1 to
4.2 gigatons of carbon dioxide could be used annually by the year 2050, and prices may
reach as high as USD 670 per ton of carbon dioxide [66,70].
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4.3.3. Chemical Industry

Carbon dioxide can produce many chemicals of economic value [71]. For example,
it can be converted into industrially applicable chemicals to fertiliser, through catalytic
chemical reactions, such as urea, as well as polymers for use in buildings or cars (for
durable products) [66,72]. Also, electrical stimulation methods can convert carbon diox-
ide into materials of economic value, such as methane, methanol, monoxide, and other
hydrocarbons [73]. Therefore, CO, emissions will be reduced by a range of 0.3 gigatons
to 0.6 gigatons per year in 2050, at a cost ranging from USD 80 to USD 300 [66]. Aramco
produces polyols from carbon dioxide emissions and recycles them into clean, high-value
materials with performance and cost characteristics. Polyols are utilised as industrial
adhesives, food packaging, sealants and insulation, and synthetic rubber applications.
They also store carbon dioxide for a long time and remove greenhouse gases from the
environment [67]. It is clear that the demand for CO, continues to increase, and that the
projected average CO, usage for each sector will increase by the year 2050, as shown in
Figure 9.

Maximum expected CO2 utilise (Gt) by field (2050) Maximum expected cost (5) of C02/ton (2050)

Chemicals m “

Micoalgae

KX
Concrete Building materials “
(02 -enhanced ol recover... “
Bioenergy with Carbon... _
Forestry “
Soil carbon sequestration “
L]

Biochar

Figure 9. The expected CO, use and cost by field in 2050. Data were obtained from Ref. [66].

4.3.4. Concrete Building Materials

A recent pathway to capturing carbon dioxide is the natural carbonisation of concrete
building materials. It is intended that where the structure of concrete is engineered, it will
absorb carbon dioxide from the atmosphere slowly [74]. One of the benefits of treating
concrete with carbon dioxide is the removal of carbon dioxide from industrial processes.
In addition, carbon dioxide can be stored for the long time in a concrete and can be an
alternative to traditional emission-intensive cement and 0.1-1.4 GtCO, could be used and
stored at the cost of approximately USD 30-70 by 2050 [66].

4.3.5. Microalgae

Microalgae require photosynthesis from sunlight, and carbon dioxide as an organic
source. Also, microalgae are characterised by their ability to stabilise carbon dioxide
in the following different paths: (1) they fix carbon dioxide from the air, (2) from the
fumigants, as a chimney discharge, and (3) from soluble carbonates. Microalgae can carry
up to 150,000 ppm of carbon dioxide from the atmosphere. In addition, algae have the
capacity for the secretion of various biomolecules and fats. Therefore, it produces biofuels
of great importance, such as bioethanol and biodiesel [75]. Algae is a green solution to
global warming or water pollution, and may even become energy fuel in the future [76].
Microalgae have a higher production capacity than terrestrial crops in biomass, and can
even be grown in unsuitable soil [46]. Microalgae can reduce carbon dioxide emissions and
develop energy because they are subject to rapid growth and high energy efficiency from
the sunlight. Carbon dioxide can be fixed in microalgae biomass after being processed
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to make fuels and chemicals [66,77], and growing microalgae has a significant impact on
capturing the carbon dioxide produced in open ponds and photobioreactors. In California,
0.5 tons of carbon are extracted for every ton of biomass [46]. Microalgae could use an
average of 0.2 to 0.9 gigatons of CO, per year by 2050, at the cost of USD 230 to USD 920
per ton [66].

4.3.6. Bioenergy Carbon Capture and Storage (BECCS) Trees

BECCS is the combination of geological carbon capture and storage, which is then used
to produce energy. It is considered to be one of the methods to reduce carbon dioxide [78].
Trees capture and store carbon dioxide to be used as renewable energy for the production of
electricity through bioenergy and sequestered emissions. The rate of tree capture varies [66].
For example, Fagus sylvatica is one of the trees with the highest CO, capture of 4.9 annual
carbon sequestration rate (tCha~! yr~1) [79]. By the year 2050, 0.5 to 5 gigatons of carbon
dioxide are expected to be used at the cost of roughly USD 60 to USD 160 per ton [66].

4.4. CO, Storage

Enhanced water recovery (EWR) geological storage is a way to reduce the greenhouse
gas emissions of carbon dioxide. CO;-enhanced water recovery (CO,-EWR) technology
improves the efficiency of carbon dioxide injection and produces saltwater. This process
has potential economic value, as it stores carbon dioxide and provides cooling water for
power plants. However, the sensitivity analysis of reservoir parameters, and the effects
of geochemistry on CO, transport, injection capacity, and brine production need further
study [80,81].

Carbon dioxide can be safely stored in underground geological formation like in
sedimentary basins. There are oil and gas reservoirs, empty fields, salt formations, and
impermeable coal seams within the basins. The sites for storing carbon dioxide are inside
the pores of the rocks, such as basalt rocks, organic rocks, and caves, which are in offshore
or onshore geological formations [47]. Attention must be given when long-term stored
CO;, starts to leak, as this is related to induce earthquakes. In addition, the injection of
large amounts of carbon dioxide into geological reservoirs creates environmental risks [82].

Carbon dioxide capture could reduce the wholesale price of electricity by 15 percent
in 2030, according to the analysis of a study in the Carbon Capture and Storage Associa-
tion (CCSA). Carbon dioxide capture and storage could also provide many employment
opportunities through the construction of CCS power plants, operating, maintenance,
and associated supply chain functions [43]. Several carbon storage technologies will be
mentioned in the coming sections.

In soil carbon sequestration, carbon dioxide is captured and stored in multiple places,
such as forests and plants, as well as water bodies and deep geological formations, and it is
held here for a very long time [83]. Carbon dioxide enhances crops, while land management
techniques sequester carbon dioxide stored in the soil. Soil carbon dioxide is estimated to
range from 0.9 to 1.9 gigatons per year by 2050. Costs are estimated to range from USD 20
to USD 90 per ton of carbon dioxide [66].

4.4.1. CO, Storage in a Geological Formation

CO; storage in geological formations involves injecting CO, captured from emitting
resources into rock formations that are deep underground. CO; is then permanently
removed from the atmosphere. Figure 10 shows the geological storage sites underground.
CO; storage has been implemented in depleted oil and gas fields [84,85]. Several projects,
such as the Sleipner, Snehvit, and In Salah projects, store 1 to 3 Mt of CO, from gas
processing each year. The underground storage of hydrocarbons has a long and successful
history. In Canada, for example, around 5 Mt of acid gas has been safely stored in depleted
reservoirs [86-88]. These examples will help in understanding the application and process
for other CO; storage projects, concerning technical issues, regulatory requirements, costs,
and economic viability.
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Figure 10. Different carbon storage formation sites. Adapted from Global CCS Institute, Geological
storage of CO,, 2018 [89].

4.4.2. CO, Mineralisation

Previously, this paper discussed the geological storage of CO,. However, there are
some potential issues associated with its storage in geologic formations. These include
permanence, long-term monitoring, and verification; each issue comes with many unknown
effects and potential risks that have yet to be determined [90,91]. An alternative to CO,
storage in geological formations is carbon mineralisation, which is a reaction between the
CO; and metal cations, such as magnesium, calcium, and iron, to form carbonate minerals.

The methods of mineralisation can be divided into the following two types: subsurface
and surface mineralisation. In the subsurface method, mineralisation is a part of geologic
storage. A portion of the injected CO, and the alkaline minerals present in the formation
are selected from carbon storage to form solid carbonate. In surface mineralisation, the
carbonation reaction occurs above ground, within a separate reactor or industrial process.
Mineral carbon dioxide storage aims to simulate the natural weathering process [92],
in which calcium or magnesium silicates are transformed into carbonates via a reaction
with CO;.

4.4.3. Ocean Storage of CO,

The captured carbon dioxide can be injected into the ocean, where it is stored out
of the atmosphere for centuries. The CO; can be transported via a pipeline or ship for
release into the ocean. There have been many small-scale field experiments and over
25 years of studies of CO, ocean storage, but it has not yet been implemented or completely
evaluated [93]. However, for this technology to be deployed widely, it should be cost-
effective, the environmental impacts must be considered, the techniques must be politically
and legally feasible, and scientific certainty must be increased as to the effectiveness of the
oceans to sequester CO, safely [94]. Figure 11 shows an illustration of some ocean storage
strategies [93].



Sustainability 2021, 13, 11625

14 of 25

€O, /CaCo,

reactor
Flue gas

Captured and
Dispersal of compressed CO,

CO, /CaCo,

miire #Z  Refilling ship Q

l Rising CO, plume

- .ru\'v/,‘iv"
P

Dispersal of CO, by ship

Figure 11. Schematic of several ocean storage strategies. IPCC Special Report on carbon dioxide
Capture and Storage. Adapted from Sean Goddard [95].

5. Current and Future Technology

It is uncertain whether the current and future technology will achieve the goal of zero
carbon emissions. To have zero carbon emissions requires little to no carbon dioxide emis-
sions to exist in the Earth’s atmosphere, as referred to in the circular carbon economy [96].
Next, we will mention some of the technologies that will help achieve the goal of zero
carbon emissions. With concerted efforts from all countries aiming to responsibly reduce
emissions and support research into affordable technologies, the researchers believe that
this desired goal will be reached by the year 2050.

5.1. Fossil Fuel Alternatives

The options leading to the reduction in carbon dioxide emissions must first be defined,
and then measures to reduce these emissions must be established [97]. Figure 12 shows
the world’s sources of fuel-emitted carbon dioxide [98]. The CO, emissions increased to
164.4%, and, based on IPCC estimates, the main carbon dioxide emission source over the
2008-2017 period is the energy sector [66], as illustrated in Figure 13. Given the urgent
need to begin the shift towards greater emission reductions, it is imperative to define
how mitigation measures are tailored to the mid-2050s, to see which measurements can
be applied at present and which measures require longer lead times to be implemented.
This problem could be partially solved by using clean energy sources, such as natural
gas [99], geothermal power [100], solar power [101], wave energy [101], wind energy [102],
biofuels [103], nuclear power [103], and by improving the quality of oil-based energy
sources and reducing carbon dioxide emissions.
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Figure 12. World CO, emissions by fuel type. Adapted from Reference [98].
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Figure 13. The most emitting sources of carbon dioxide, based on IPCC estimates. The data are
adapted from Reference [49].

5.2. Processing Building Materials

The options include some reuse and recycling measures that reduce emissions, with
the aim of reaching a zero-carbon emission [104]. The figures in the following sections
indicate the carbon dioxide emission reduction rate.

5.2.1. Steel Production and Use

Bio-based integrated steel plant fuel reduces carbon emissions by 9-90%. The inte-
grated steel plant is on top of gas recycling, with a CCS of 50-60%. Hydrogen as a steel
reduction agent 54-60%, while reinforcement steel from recycled steel 5-25%. Reinforce-
ment steel produced with low-emission electricity 27%. Bio-based secondary steel heating
oven fuel 6-27%. Finally, bio-based steel metallurgy fuel 8-12% [97].

5.2.2. Cement and Concrete Production and Use

An 8-28% reduction can be expected for bio-based cement plant fuel. Waste as
cement plant, 1-20%. Traditional cement clinker substitutes, 9—-41%. Conventional cement
clinker substitutes are outside the current standards, 36-65%. Non-traditional waste-based
cement clinker substitutes, 11-43%. Natural cement clinker substitutes, 20-46%, and
advanced concrete use of an optimised concrete recipe, 9-85%. Design optimisation/use of
precast concrete has a 4-9% reduction rate. Cement plant CCS, 32-100%. Cement plant
electrification, 32-54%. An alternative bridge construction material, 9-48% [97].
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5.2.3. Asphalt Production and Paving

Bio-based asphalt plant fuel, 33-47%; low-tempered warm asphalt (WMA), 5-19%;
cold asphalt emulsion mixes, 40-68%, and asphalt recycling and reuse, 5-35%. The 3-15%
aggregate moisture content, waste-based pavement substitutes, 5-6%, bio-fuelled/electric
aggregate production, 4-6%, and bio-based bitumen 16-30% [97].

5.2.4. Heavy Transport

Bio-based heavy transport fuel is constructed at 35-90%. Hybrid heavy transports
make up an 11-24% reduction. Fuel-celled/plug-in heavy trucks reduce emissions by
25-60%. The optimisation of logistics and road freight operations reduce emissions by
10-34% [97].

5.2.5. Construction Process

Bio-based construction equipment fuel constitutes a 35-90% reduction. Hybrid con-
struction equipment is constructed at 10-50%. Fuel-celled /plug-in hybrid construction
equipment, 50-60%. Electrified construction equipment, 66-95%. The optimisation of mass
handling equipment has a reduction of 5-22%. Bio-fuelled electric rock crushing plants can
reduce emissions by 16-96%. In-pit crushing and conveying constitute a 2-22% reduction,
while recycled aggregates and base layers reduce emissions by 29-65% [97].

5.3. Hydrogen Technologies and Fuel Cells

Hydrogen technologies are expected to be successful in the future, and have many
unique and beneficial advantages, including the significant reduction in greenhouse gas
emissions [105]. An alternative and recommended solution for the future of decarbonised
energy is hydrogen and fuel cells. Electrochemical converters and oxygen convert hy-
drogen or hydrogen-containing energy sources into direct electricity. It is used not only
for transportation, but also as a way to store renewable energy from solar energy and
wind farms. In addition, fuel and hydrogen technologies are used in home heating, where
hydrogen is mixed in natural gas supplies and is targeted at decarbonising industrial pro-
cesses. Hydrogen technologies have begun to play a significant role in the future, towards
a carbon-free path, as they are the key to a future of renewable and sustainable energy.
Strategies of hydrogen and fuel cell technologies include the following;:

(I) Hydrogen is used as a secondary value of energy. It uses the excess electrical energy
generated from renewable energy sources to produce hydrogen via electrolysis, which
also works in storing renewable energy.

(I) The employment of fuel cells as significant energy providers, for transport and fixed
energy sources.

(If) Natural gas networks may be converted to hydrogen-based networks, dramatically
reducing carbon dioxide emissions into the atmosphere [106].

5.4. Planting Trees and Mangrove Forests

Afforestation contributes to the release of oxygen, keeps the air from being polluted,
and balances the ecosystem. Tree planting and afforestation may help reduce global
warming, by taking in carbon dioxide and removing carbon dioxide from the atmosphere,
when its use is properly planned. However, afforestation may not be a definitive solution
to averting climate change. Rather, it can be used in combination with other greenhouse
emission reduction methods [107]. Mangrove forests play an important role in mitigating
the effects of climate change, as they provide an important environmental role for CO,
uptake. One of these roles is their ability to absorb carbon dioxide and store it in the
form of “blue carbon” in the sediments of coastal areas [108]. Mangroves are able to
store 15,514,807,200 tons of carbon dioxide [109]. Mangroves trees have an important role
in sequestering CO,, as they can do so at a rate that is 100 times faster than the rate of
terrestrial forests. Aramco’s mangrove initiative has seen the planting of more than two
million mangrove seedlings in the Kingdom of Saudi Arabia, thus removing carbon dioxide
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and protecting sensitive areas of biodiversity [67]. The environmental benefits were not
limited to carbon dioxide reduction and biodiversity protection; these trees can also protect
the coast from wind and erosion, and provide shelter and food for some marine animals
and birds. These benefits lead to the conclusion that mangroves are a green option [110].

5.5. Electric Transport

The second leading source of CO, emissions and air pollution is road transport [111].
Electric transportation is a promising ideal solution, and is even more efficient than the
use of fuel engines, as electric cars and electric buses are 3.5 and 2.5 times more efficient
than cars and buses that run on fuel combustion, respectively. On the other hand, electric
power may not be suitable in the case of long-distance sea and air transportation and heavy
transportation. Therefore, it is better to use alternatives to fossil fuels in this case, such as
biofuels and hydrogen [112].

In this sense, there is a departure from traditional combustion and a pivot towards
electric cars that are powered by battery technology, such as electric vehicle technology
and lithium-ion battery technology [113].

6. The Application That Involves CO; and Its Economic Impact

Carbon capture, utilisation, and storage (CCUS) emissions of chemical plants will
eliminate 3.5 gigatons of carbon dioxide annually by 2030 [114]. It is possible to use CO; in
many products, with economic and beneficial returns in various chemical and biological
fields, such as in food and other technologies. This will achieve the required climate
change goals in a valuable and intelligent way [73,115,116]. For example, carbon dioxide
is consumed in oil and gas manufacturing, enhanced oil recovery, food production, plant
growth stimulation, manufacturing processes, etc. [115]. The use of carbon dioxide in these
technologies reduces carbon dioxide emissions by 13% when compared to use in energy,
fuel, and industrial conversion, as demonstrated in Figure 14. The production of chemicals,
cement, and steel accounts for 60% of the total industry sector’s production [117].

(EOR); 75 Carbonated
drinks; 2.9

Food; 8

Chemical; 180

Fuels; 2000
Total industries;

8500

Figure 14. Ratios of carbon dioxide consumption to its uses.

Carbon dioxide can be used in the production of many chemicals. Table 2 shows
the amount of carbon dioxide consumed in producing some chemicals, along with their
economic cost. The urea industry is the largest consumer of carbon dioxide in chemical pro-
duction, consuming 130 gigatons of a total of 230 megatons of carbon dioxide per year [117].
Carbon dioxide reacts with ammonia at temperatures between 185 and 195 °C, to produce
urea, which is distinguished as an agricultural fertiliser involved in the creation of some
medicines and chemicals [118]. Many value-added materials can be produced on the
market in fuel production, such as methane, methanol, gasoline, and engine fuel [115].
Two thousand gigatons of carbon dioxide per year are consumed in fuel production; this
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is considered a very high percentage [119]. In the production of enhanced oil recovery,
carbon dioxide is used immediately after capture. As a result, 70-80 gigatons per year of
CO, are consumed.

There are several uses of carbon dioxide in food production, one of which is as a
coolant to preserve food and drinks, while another is the production of dry ice, which
has a greater cooling capacity than water ice [120]. In addition, carbon dioxide has re-
cently been used as a packaging gas in the food industry, preserving fresh products and
freshness for meat, fish, and pre-packaged food products, by controlling their biochemical
metabolism [121]. Carbon dioxide production from ammonia was found to be higher than
any other chemicals that use carbon dioxide, as demonstrated in Table 3.

Table 2. The costs and amount of CO, use in a year.

Pathway Utilisation Potential (Mt of CO; per Year) = The Cost of CO, Utilisation (USD) per Year Ref.
Total industries 8500 3,544,500 million [117]
Chemicals 180 75,060 million [119]
Fuels 2000 834 billion [119]
(EOR) 70-80 29,190-33,360 million [115]
Food 8 3336 million [122]
Carbonated drinks 2.9 12,093.3 million [123]

Table 3. Costs and amount of use of carbon dioxide for chemicals.

Pathway Utilisation Potential CO, per a Year The Cost of CO, Utilisation (USD) Ref.
Urea 130 Mt 54,210 million [115]
Methanol 10.0 Mt 4170 million [123]
Cyclic carbonates 0.04 Mt 16,680 thousand [124]
Dimethyl ether 5.00 Mt 2085 million [123]
Ethylene carbonate 0.04 Mt 16,680 thousand [124]
Di-methyl 0.04 Mt 16,680 thousand [124]
carbonate
Copolymers 0.04 Mt 16,680 thousand [124]
Polymers 1.50 Mt 6255 million [123]
Fine chemicals 0.04 Mt 16,680 thousand [124]
Salicylic acid 0.03 Mt 12,510 thousand [124]
Formaldehyde 0.90 Mt 3753 million [123]
Formic acid 5.00 Mt 2085 million [123]

7. Socioeconomic Impact

It is known that the rise in pollutants, in general, affects public health and increases
the financial burden on countries, due to the cost of treating conditions that may require
long periods of medical attention. However, in this aspect, we address the relationship
between carbon dioxide and the socioeconomic system. A study conducted in China [125]
indicated that carbon dioxide emissions are increasing, due to an increase in traditional
agricultural activity. The study was conducted from 1991 to 2018, and found a comple-
mentary relationship between economic growth and carbon emissions from an agricultural
source. This study attributed this complementary relationship to emissions resulting from
five sources involved in the agricultural field that produce carbon dioxide, with the most
influential source identified as diesel. The study confirmed a steady proportion between
economic growth and the increase in carbon dioxide levels. The study finally concluded
that improving agricultural methods and using technologies that reduce carbon emissions
will contribute to improving the socioeconomic situation.

In another study, it was shown that, despite the decline in the costs of renewable
energy, such as wind and solar energy, in recent years, humankind is still reliant on energy
produced from the burning of fossil fuels [126]. This is most evident in transportation, and
the study argues that the removal of carbon from the transport and industry sector will face
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many challenges, leading to continued emissions of greenhouse gases. According to the
authors, this will result in detrimental effects on global welfare and decreases in economic
productivity. Thus, reducing economic productivity will reduce greenhouse gases, which
will, in turn, lead to a reduction in global warming. The study indicates that the net effect
of carbon feedback on socioeconomic impact is of about the same magnitude. It found that
the levels of greenhouse gases in the atmosphere, predicted for the year 2100, are about the
same as if the feedback from natural socioeconomic or biophysical sources were active.

Thus, there may be impacts on the socioeconomic situation, due to the increase in
greenhouse gas rates. The effect of this may vary according to the economic activity of each
country, the quality of the resources that the country depends on for energy production,
and the extent to which the country keeps pace with modern technologies that benefit
from all energy sources, and the country’s reliance on modern technologies that reduce
emissions in general and greenhouse gases in particular. A comprehensive view of the use
of all energy sources and the improvement of related technologies will undoubtedly lead
to an improvement in the quality of socioeconomic life.

8. The Future of CCUS

There are the following two ways of decarbonising the future: capturing and storing
carbon dioxide for natural gas plants, or removing natural gas as a fuel source by around
2030. Given that the latter possibility is unlikely, CCUS is ideal to preserve the climate [127].
Moving forward, CCUS is set on achieving its vision of zero emissions by 2050 [128,129].
CCUS technologies are currently considered immature, and when used in the future,
with other reduction methods, such as renewable energy sources, they may solve climate
and environmental problems [130]. The goal of the G20 agreement is to limit the global
temperature rise to below 2 °C [131]. Achieving this goal requires significant effort to
reduce and exploit carbon dioxide emissions in future years. With the current rapid pace
of technological progress, we can reach a stable climate eventually.

Social tipping elements (STEs) and social tipping interventions (STIs) are paved paths
towards zero carbon emissions in the future [128]. One study showed that the expected
changes in 2050 would decrease oil consumption by at least 70% in the coming years.
Reliance on renewable energy should be at about 30% to 40%, owing to the rapid adoption
in electric transport [132]. There is also the following less expensive alternative technology
to the non-biological methods of CCUS: the mineralisation or mineral carbonation (MC)
process [133]. Even so, the use of fossil fuels may persist after 2050. Although renewable
energy sources are the best solution to achieve zero emissions, they may also cause envi-
ronmentally harmful waste. When the materials that make up some of the applications
used to reduce emissions are disposed of, they may cause harm to the environment if they
are not disposed of properly. Thus, it is important to discuss future environmental damage.
For example, when solar panels contain lead and cadmium, these chemicals damage public
health and are difficult to get rid of. It is therefore essential to encourage alternative energy
industries that use environmentally friendly materials. Also, the batteries used in trans-
portation devices contain lithium, mercury, and other substances that cause environmental
hazards. Therefore, the modern battery industry must consider recycling and the use of
environmentally friendly materials that do not harm human health.

9. Conclusions

This work demonstrates the importance of the economics of circular carbon and the
importance of considering carbon dioxide as an essential chemical molecule. When there
are inexpensive techniques to capture CO, with high purity and transformational economic
techniques, this will lead to the prosperity and growth of carbon economies.

Carbon dioxide can be used as a feedstock to produce urea, salicylic acid, and plastics
that have already been produced routinely. Supercritical carbon dioxide also has many
applications in food, chemicals, and micro-pharmaceuticals.
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It is evident that there is an increase in the rates of carbon dioxide due to pollution from
various industries, such as transportation. The most significant pollutants are electricity
and heat production energy sources, as they were measured to have increased by 39-
164.4% in the past decade. The worsening of this problem, coupled with the apparent
decline in the rate of green cover due to deforestation and logging, which certainly plays
a considerable role in the accumulation of greenhouse gas concentrations, is expected to
continue in the future. The technologies to capture, use, and store (CCUS) carbon dioxide
achieve a significant and profound goal of reducing carbon dioxide emissions. With the
help of technologies that reduce emissions to achieve a zero-carbon target, approximately
3.5 gigatons of emissions will be reduced by 2030.

There are significant economies based on CO;; the most important is the industrial
sector, which produces 8.5 gigatons of carbon dioxide. Therefore, using and storing carbon
dioxide is a process of very high economic benefit. The interest in increasing green cover
and preserving forests is essential in maintaining the balance in carbon dioxide levels.

In summary, oil and natural gas will remain the main source of energy, and with
improved CO, capture and sequestration, it will be the right choice for decades, with the
importance of adopting circular carbon economy policies for existing and modern companies.

In addition, all modern means and necessary measures must be taken into account
when constructing new electrical plants or factories. Furthermore, supporting clean en-
ergy research is of paramount importance, as it must be taken into account that these
technologies and their products rely on environmentally and human-friendly materials,
while setting specifications and laws that limit the use of materials harmful to humans and
the environment.

All this must be conducted before adopting any technologies for new energy sources to
avoid any undesirable effects that may result from them due to the type of waste produced,
which may be difficult to dispose of and pose a real threat to the environment, human
health, and safety.
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