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A B S T R A C T

The escalating levels of carbon dioxide (CO₂) emissions present a critical challenge to global sustainability,
considering that CO2 is the primary cause of climate change. This dilemma presents a unique opportunity:
converting waste CO₂ into useful resources. This review provides an in-depth analysis of CO₂ sources and waste
streams, examining their potential as feedstocks for various industrial processes. By reviewing cutting-edge
conversion technologies—such as catalysis, electrochemical, and photochemical methods—this work empha-
sizes how revolutionary ideas in Carbon Capture and Utilization (CCU) can play a pivotal role in reducing
greenhouse gas emissions while generating both environmental and economic advantages. Through a systematic
review of case studies and success stories in Carbon Capture and Utilization (CCU), the review illustrates the
practical viability of these technologies. Additionally, the challenges facing CCU implementation, including
economic, technical, and policy-related barriers, are explored. The review fills a critical gap by providing a
comprehensive overview of both the current state and future potential of CO₂ utilization. Finally, it outlines
future directions, emphasizing the need for interdisciplinary approaches, policy frameworks, and technological
advancements to fully realize the potential of harnessing CO₂ for sustainable solutions.

1. Introduction

Carbon dioxide (CO₂) emissions, predominantly from the

combustion of fossil fuels and industrial processes, have long been
recognized as a significant contributor to global climate change. As a
greenhouse gas, CO₂ traps heat in the atmosphere, leading to the
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phenomenon known as global warming (Amoo and Layi Fagbenle, 2020;
Rafique, 2018). The concentration of CO₂ in the atmosphere has
increased dramatically since the Industrial Revolution, reaching un-
precedented levels and prompting widespread scientific and public
concern (IPCC, 2021). The urgent need to address these emissions has
catalyzed international agreements, such as the Paris Agreement, which
aims to limit global temperature rise to well below 2 ◦C above
pre-industrial levels (Saravanan et al., 2023a, 2023b).

The growing concerns about climate change and greenhouse gas
emissions are not only environmental but also socio-economic. Climate
change impacts are evident in the increasing frequency and severity of
extreme weather events, sea-level rise, and disruptions to ecosystems
and biodiversity (NASA, 2024.). These changes pose significant risks to
agriculture, water resources, human health, and infrastructure, thereby
affecting economic stability and social well-being. Consequently, miti-
gating CO₂ emissions is a critical global priority that requires innovative
and sustainable solutions (Yaashikaa et al., 2023).

An emerging and transformative approach in environmental science
is the concept of converting CO₂ from waste into valuable resources
(Ferdoush et al., 2024). This strategy, commonly referred to as "carbon
capture, utilization, and storage" (CCUS), aims to shift the perception of
CO₂ from being merely an environmental burden to a significant eco-
nomic resource. By capturing CO₂ emissions at their source and repur-
posing them into commercially valuable products, CCUS fosters the
development of a circular carbon economy. In this model, CO₂ is
continuously recycled rather than being released into the atmosphere,
thus significantly mitigating its environmental impact. Beyond reducing
the global carbon footprint, this approach unlocks new industrial ap-
plications and drives economic growth by creating markets for innova-
tive products derived from CO₂. While numerous reviews have explored
various aspects of CCUS (Davoodi et al., 2023; McLaughlin et al.,
2023a), to our knowledge, there has not been a comprehensive review
focused on the latest advancements in harnessing carbon dioxide for
sustainable solutions. This gap highlights the need for a detailed analysis
of recent progress in this rapidly evolving field.

This review seeks to fulfill a number of particular objectives. Prior-
itizing their effectiveness, scalability, and financial sustainability, it first
aims to investigate and assess the most recent approaches to CO2 cap-
ture, including chemical absorption, adsorption, membrane separation,
and cryogenic techniques. Secondly, a comprehensive evaluation of the
several paths for using collected CO2 will be conducted in order to
determine the possibility of converting CO2 into high-value products
such as chemicals, fuels, building materials, and polymers via catalytic,
electrochemical, and biological processes. Third, the evaluation intends
to give insights into the integration of renewable energy sources with
these technologies, evaluating how such integration might improve in-
dustrial process sustainability and reduce total carbon footprint. Last but
not least, the review intends to look at the technological, policy, and
socioeconomic issues that prevent these technologies from being widely
used and provide potential answers.

By examining real-world applications and case studies, this review
aims to illustrate the practical viability and benefits of CO₂ conversion
technologies. The review also seeks to address the socio-economic and
policy dimensions required to support the widespread adoption of CCUS
technologies, emphasizing the role of governmental incentives, inter-
national collaboration, and the potential for job creation and economic
development. This review seeks to establish a robust justification for the
ongoing and future research into CO₂ conversion technologies. By
transforming CO₂ from waste to wealth, we can not only mitigate the
adverse impacts of climate change but also drive innovation, create
economic opportunities, and build a sustainable future. The insights
provided in this review aim to inspire continued advancements in this
field and inform policy and investment decisions that will shape the
trajectory of global carbon management efforts.

In lieu of the above, the following research questions are the focus of
this review: (1) Which are the most promising CO₂ capture and

utilization technologies? (2) How can CO₂ be turned into value-added
products to boost economic growth? (3) Where do CCUS technologies
stand today and what are the main obstacles facing them in the future?
By transforming CO₂ from waste to wealth, we can not only mitigate the
adverse impacts of climate change but also drive innovation, create
economic opportunities, and build a sustainable future. The insights
provided in this review aim to inspire continued advancements in this
field and inform policy and investment decisions that will shape the
trajectory of global carbon management efforts.

2. Sources of CO2 emissions and waste streams

CO2 emissions stem from various anthropogenic activities and nat-
ural processes. Major sources include the combustion of fossil fuels for
energy production, transportation, and industrial operations, which
account for the largest share of global CO2 emissions. Power plants,
especially those using coal, oil, and natural gas, are significant con-
tributors. Industrial processes, such as cement production, steel
manufacturing, and chemical synthesis, also release substantial amounts
of CO2. In addition to direct emissions, CO2 waste streams are generated
as by-products in various industries. For instance, the fermentation
process in breweries and distilleries produces CO2, as does natural gas
processing and refining. Other sources include wastewater treatment
plants and agricultural practices, which emit CO2 through the decom-
position of organic matter. Understanding the diverse origins of CO2
emissions and waste streams is crucial for developing targeted strategies
for carbon capture, utilization, and storage, thereby reducing the overall
carbon footprint and mitigating climate change impacts.

2.1. Industrial processes: power plants, cement production, steel
manufacturing

2.1.1. Power plant
The global electricity access rate increased from 87% in 2015 to 91%

in 2021, providing electricity to nearly 800 million more people.
However, 675 million people still lacked access to electricity in 2021,
mostly in least-developed countries (LDCs). Despite steady progress over
the past six years, the annual growth rate of 0.6 percentage points be-
tween 2019 and 2021 is lower than the 0.8 percentage points seen from
2015 to 2019. In sub-Saharan Africa, due to population growth, the
number of people without access has remained around 567 million since
2010 (UN, 2024). This therefore shows that that electricity consumption
will continue to increase. The use of fossil fuels to generate electricity
accounts for more than 40% of all energy-related CO2 emissions. All
power-producing technologies release greenhouse gasses at some point
during their life cycle, which have enormous adverse effects on both
humans and the ecosystem (WNA and Carbon Dioxide Emissions From
Electricity, 2024).

The emissions that alter our natural environment are closely linked
to coal combustion in the growing number of power plants. The CO2
emissions from these plants are driven by the need to meet the electricity
demand of the growing population. Fig. 1 shows the carbon emissions
from coal-fired plants in China. These emissions are also supported by
industrialization and urbanization in which industrial growth and
development take a chunk of the percentage. However, the CO2 emis-
sions from energy generation have significant impacts on both the flora
and fauna. The United Nations Framework Convention on Climate
Change (UNFCCC) notes that these rising emissions contribute directly
to increasing the global mean temperature by up to 2 ◦C annually
(Nyirenda, 2023; Ali et al., 2021).

Energy projects under the China-Pakistan Economic Corridor (CPEC)
are primarily fossil-fuel-based and use coal, which is a major contributor
to greenhouse gases, particularly CO2 emissions. Coal-fired power
plants, reliant on coal combustion, pose environmental risks due to their
potential to cause significant environmental degradation (Ali et al.,
2021). They change atmospheric composition, enhance radiative
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forcing, contribute to global warming, and lead to glacier melting and
sea level rise by approximately 7 meters (Ali et al., 2021; Irfan et al.,
2024; Mariappan et al., 2022). Additionally, they cause air temperature
increases by 5.5 ◦C, alter mountain cryospheres leading to glacier
recession, glacial lake outburst floods (GLOFs), and create numerous
glacier lakes (Ali et al., 2021; Irfan et al., 2024; Mariappan et al., 2022).
These effects degrade agriculture, disrupt water systems and result in
numerous irreversible environmental costs associated with coal-based
power plants (Chataut et al., 2023).

2.1.2. Cement
Cement is the principal binding agent in concrete, which is used to

build structures, infrastructure, and transportation systems worldwide,
all of which substantially impact people’s quality of life and socioeco-
nomic status. Concrete is the world’s second most consumed substance,
after water (Pamu and Alugubelli, 2023; Kryeziu et al., 2023). Cement
facilities emit considerable amounts of CO2, which come from a variety
of processes. As shown in equation 1, the principal source is the calci-
nation of limestone (CaCO3), which emits CO2 as it changes to lime
(CaO) in kiln operations. The use of fossil fuels to heat kilns increases
CO2 emissions. Furthermore, while alternative fuels used in cement
production may reduce overall emissions, they still emit CO2. Other
sources of CO2 emissions include electricity use, raw material and waste
transportation, and plant auxiliary processes. Cement factories’ waste
streams often contain kiln dust, clinker cooler dust, and other particu-
lates. These waste products frequently contain residual limestone, silica,
and other minerals that can be reused or require specialist disposal.
However, cement production is energy-intensive and strongly reliant on
natural resources, which accounts for approximately 7% of total
anthropogenic greenhouse gas (GHG) emissions in CO2 equivalents
(Izumi et al., 2021). In 2018, the cement industry in Japan was the
fourth-largest CO2 emitter, just after the power, steel, and chemical
sectors (Izumi et al., 2021). About one-third of these emissions are
owing to fuel burning, with the rest being due to process-related CO2
emissions from limestone decarbonization during the calcination pro-
cess. This process is usually represented by the reaction in equation (1):

CaCO3 + heat ⇒ CaO + CO2↑. (1)

The summary of the source of CO2 in the environment is shown

below as presented in Fig. 2, the number 1 in the chart below shows CO2
from raw materials such as limestone and carbonate, 2 shows CO2
sources from fossil fuels and alternative fuels used in the cement kiln, 3
depicts CO2 reacted by mineralization, and 4 shows CO2 from
recarbonate.

2.1.3. Steel manufacturing
Steel is the world’s highest energy consumption among industrial

sectors. The mutual dependency of energy and the environment is
widely understood. this therefore shows that steel manufacture is an
energy-intensive process with substantial environmental impact (Conejo
et al., 2020).

Steel production is predicted to grow by 25–30% by 2050. The
dominant iron-making route, blast furnace (BF), especially, is an energy-
intensive process based on fossil fuel consumption; the steel sector is
thus responsible for about 7% of all anthropogenic CO2 emissions as
shown in Fig. 3 (Conejo et al., 2020; Yang et al., 2024a,b). To take up the
2050 challenge, emissions should see significant cuts. Steel
manufacturing contributes significantly to CO2 emissions and waste
streams. Primary sources include the use of fossil fuels to heat and
reduce iron ore in blast furnaces, which generate CO2. Secondary
sources come from the oxidation of carbon in coke used for iron ore
reduction. Waste streams include slag, a byproduct of iron smelting, as
well as particle and trace metal emissions (Yang et al., 2024a,b).
Steelmaking also produces effluent that contains suspended particulates
and dissolved metals, which must be treated. Addressing these diffi-
culties requires adopting cleaner technology, such as electric arc fur-
naces fueled by renewable energy, and implementing efficient recycling
to reduce environmental impact and resource use.

The blast furnace is the primary method for producing steel globally,
with integrated plants producing about 70% of steel and the Electric Arc
Furnace (EAF) producing 30% (71.5% and 28.0%, respectively, in
2017). The blast furnace uses coke and injected coal for energy and as a
reducing agent, and producing one ton of coke requires 1.2–1.6 tons of
coal (Conejo et al., 2020; Yang et al., 2024a,b). Preheating coal before
coke-making reduces coal use and increases coke oven productivity. The
blast furnace is a highly efficient thermal reactor, working with two
countercurrent streams: descending solids and ascending gases, func-
tioning as a heat exchanger. It produces its own reducing gas, CO

Fig. 1. Carbon emissions from coal-fired plant (Zhang et al., 2024).
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(Conejo et al., 2020; Bailera, 2023). The reduction of iron oxide by CO
generates CO2 as shown in equation (2).

C(s) + CO2(g) = 2CO(g)

Fe3O4(s) + 4CO(g) = 3Fe(s) + 4CO2(g) (2)

The blast furnace is a highly efficient thermal reactor that functions
as a heat exchanger, using two countercurrent streams: descending
solids and ascending gases (Yang et al., 2024a,b). It produces its
reducing gas, CO, which is used to reduce iron oxide and generate CO2.

2.2. Transportation sector: cars, trucks, airplanes

According to (Avogadro and Redondi, 2024) transport (including
aviation) is the EU’s largest source of GHG emissions (27%) and the only
sector where current emissions exceed 1990 levels. Differences in
transport patterns, as well as the use of alternative gas transport rate (k)
models to estimate air-sea emissions, all contribute to increased uncer-
tainty in GHG air-water flux estimates (Liu et al., 2022a). While cars
account for the majority of transportation emissions (43.9%),
heavy-duty transport has a combined impact of 46.2% (Gray et al.,
2021). Greenhouse gas emissions have unanticipated consequences. The

Fig. 2. Cement plant site, encompassing all input and output materials as well as CO2 streams (Izumi et al., 2021).

Fig. 3. Global steel production, energy consumption, and CO2 emissions in the steel industry (Conejo et al., 2020).
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transportation industry accounts for approximately 20% of total CO2
emissions worldwide, with road traffic accounting for the majority
(Azhar et al., 2024).

Furthermore, the global demand for transportation is expected to rise
globally in the coming decades due to population growth, increased
incomes, and more people affording cars, trains, and flights. According
to the International Energy Agency (IEA, 2020) in its Energy Technology
Perspectives Report as presented by (Ritchie, 2020) global transport
demand (measured in passenger kilometers) is set to double. Car
ownership rates are projected to increase by 60%, and demand for
passenger and freight aviation is expected to triple by 2070. This will
lead to a significant rise in transport emissions. Transport makes up
about one-fifth of global carbon dioxide (CO2) emissions—24% if we
only consider CO2 from energy sources (Ritchie, 2020)How are these
emissions distributed among cars, trucks, planes, and trains? The chart
in Fig. 4, from the IEA, shows that road travel was responsible for
three-quarters of transport emissions in 2018. Of this, passenger vehicles
(cars and buses) contributed 45.1%, and trucks accounted for 29.4%.
Since road transport is 21% of total emissions and makes up
three-quarters of transport emissions, it contributes 15% of global CO2
emissions. Aviation, often highlighted in climate discussions, accounts
for 11.6% of transport emissions, emitting just under one billion tonnes
of CO2 annually—around 2.5% of total global emissions. International
shipping also contributes about 10.6%.

2.3. Agricultural activities: crop residues livestock farming

2.3.1. Livestock farming
Agriculture and related sectors, which form the backbone of many

emerging and developing countries’ economies directly or indirectly
amount to about 82% of the world’s population, must be sustainable to
bring about greater human prosperity. This necessitates the introduc-
tion, use, and advancement of more effective industrial technology.
Furthermore, atmospheric concentrations of greenhouse gases CO2,
CH4, and N2O are increasing at rates of about 0.4, 0.6, and 0.25% each
year, respectively (Flessa et al., 2002). The integrated assessment of
greenhouse gas emissions as shown in Fig. 5a included those from fields,
pasture, cattle, cattle waste management, fertilizer production, and
consumption of fossil fuels, which could be cumulatively accrued to

agricultural practice (Liu et al., 2022a; Li et al., 2024a). Increasing
manure output poses a challenge for both livestock management and the
global environment. Manure is commonly utilized as a fertilizer, but it
can also enhance soil fertility and carbon sequestration through land
application. However, using manure can increase emissions of
poisonous gas. Furthermore, manure can increase soil carbon levels, but
how it affects soil carbon varies based on local climate, soil type, and
management practices (Qin et al., 2018). Better manure management is
needed to balance crop productivity with climate change benefits (Smith
et al., 2020). However, large amounts of manure can release significant
nitrous oxide (N2O) and other gaseous pollutants a potent greenhouse
gas with a warming effect 265 times greater than carbon dioxide (CO2)
(Qin et al., 2018). Manure has been a major source of N2O since 1860
(Zhang et al., 2017) and was responsible for 44% of global N2O emis-
sions in 2000 (Ramzan et al., 2020; Li et al., 2024b), Managing manure
is a major challenge for climate change efforts (Zhang et al., 2017).
Recent studies show that applying manure to fields can increase N2O
emissions by 130% compared to using mineral fertilizers alone, poten-
tially reducing the climate benefits of soil carbon storage by 36.7%.
Besides on-farm emissions, off-farm activities like fertilizer production
and manure transport also contribute to greenhouse gas emissions, a
complete assessment of manure and mineral fertilizers must include
both on-site and off-site emissions to understandmanure’s full impact on
climate change (Ghosh et al., 2020; Escribano et al., 2022).

2.3.2. Crop residue
Managing the increasing amounts of biomass and other solid wastes

poses a significant challenge in both industrialized and developing
countries (Oladoye et al., 2024; Bamisaye et al., 2024). Proper collec-
tion, recycling, and disposal of these materials are critical. Converting
them into energy or other products can help minimize the impact on the
environment while also creating valuable resources, particularly in un-
derdeveloped nations where biomass is abundant (Saravanan et al.,
2023a, 2023b; Yaashikaa et al., 2023; Kumar et al., 2023a). The prin-
cipal application of biomass waste has been for energy generation via
the direct combustion of wood and crop residue (Oladoye et al., 2024;
Hills et al., 2020; Bamisaye and Rapheal, 2023). In many underdevel-
oped nations, biomass is primarily utilized to fuel open fires for cooking
and heating (Malico et al., 2024). Nearly three billion people worldwide

Fig. 4. The source of carbon dioxide (CO2) emissions in the transportation industry.
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use biomass fuels for cooking and heating, such as wood, briquette, or
charcoal (Das et al., 2024; Bamisaye et al., 2023; Bamisaye and Rapheal,
2021). This shows that crop residues play a dual role in agriculture, they
provide useful organic matter while also potentially contributing to CO2
emissions and waste (Ahmad et al., 2024). When not properly managed,
leftovers such as stalks and husks break down anaerobically, emitting
methane, a potent greenhouse gas. Improper disposal also causes soil
nutrient loss and runoff, which affects water quality (Piccoli et al., 2024;
Kumar et al., 2023b). However, these wastes can be converted into
biofuel or composted as compost, lowering emissions and improving soil
health. Sustainable management strategies are critical for reducing
environmental consequences while increasing agricultural sustainabil-
ity. Intensive farming often exacerbates soil and water erosion, making
the land more vulnerable to damage and resulting in the loss of precious
natural resources (Sarkar et al., 2020). Burning crop leftovers on-site
emit methane (CH4) and nitrous oxide (N2O), which contribute to
greenhouse gas emissions. Maize is the crop with the highest
residue-burning emissions (in CO2 equivalent—gigagrams), followed by
rice, wheat, and sugarcane (Fig. 5c). China, India, the United States, and
the Soviet Union are the leading sources of greenhouse gas emissions
(CO2 equivalent—gigagrams) from crop residue combustion (Fig. 5b).
Poor management of crop leftovers, particularly burning them on site,
poses considerable environmental risk. This practice affects both human
health and the environment. Studies have shown that in most Asian
countries, crop residues account for more than one-third of total biomass
combustion (Huang et al., 2024). The discharge of particles such as
PM10 and PM2.5, as well as greenhouse gases, contribute significantly
to environmental pollution (Sarkar et al., 2020).

2.4. Municipal waste: landfills, waste-to-energy facilities

Municipal waste, which includes both residential and commercial
refuse, is a substantial source of CO2 emissions and waste streams.
Landfills, the principal disposal sites for urban waste, contribute to
greenhouse gas emissions via the anaerobic decomposition of organic
matter, which produces methane—a greenhouse gas substantially more
potent than CO2 (Kiehbadroudinezhad et al., 2024; Abdel-Shafy et al.,

2024). While municipal waste incineration lowers volume, it emits CO2
and other pollutants, contributing to air pollution and climate change
(Choi and Rhee, 2024). Municipal waste that is not adequately managed
can produce leachate, which contaminates soil and water sources.

Landfilling is a prominent and cost-effective form of disposal of
waste in several African countries (Idowu et al., 2019). In landfills,
microorganisms degrade waste in the absence of oxygen, resulting in
leachate and landfill gas (LFG) (Choi and Rhee, 2024; Barros et al.,
2018). The rate of decomposition is determined by temperature, mois-
ture, waste content, and waste age (Lou et al., 2024; Mbazima et al.,
2022). LFG is composed of up of 50–60% methane (CH4), 40–50%
carbon dioxide (CO2), 2–5% nitrogen, less than 1% ammonia, and trace
amounts of oxygen, non-methane organic compounds (such as acrylo-
nitrile and benzene), sulfides, hydrogen, and carbon monoxide
(Mbazima et al., 2022). In 2016, the global municipal solid waste (MSW)
was approximately 2.01 billion tons, with forecasts of 3.4 billion tons by
2050. Economic expansion, population growth, and urbanization are all
predicted to contribute to increased waste generation. Unfortunately, at
least 33% of this trash is disposed of openly and not in an environ-
mentally acceptable manner (Mbazima et al., 2022).

Recycling and composting schemes can help to alleviate some of
these effects, although inconsistent participation and contamination of
recyclable materials remain issues. Furthermore, waste transportation
and processing take a lot of energy, contributing to emissions.

2.5. Identifying key sources and volumes of CO2 emissions and waste
streams suitable for conversion

Understanding and identifying significant sources and volumes of
CO2 emissions is critical to effective climate change mitigation. CO2
emissions are caused by energy production, transportation, industry,
and agriculture. Energy generation, primarily from fossil fuels, is the
major contributor, followed by transportation emissions from vehicles,
ships, and planes. Industrial processes, particularly cement and steel
production, make a considerable contribution as well. Agricultural
practices, such as deforestation and soil management, play a crucial role.
Addressing these challenges necessitates a comprehensive approach that

Fig. 5. agricultural practice as a Source of CO2 emission (Aziz and Chowdhury, 2023) (b) CO2 Emissions (in gigagram unit) from the burning of crop residues and (c)
Major CO2 emitting countries (in gigagram unit) based on burning of crop residues (Sarkar et al., 2020).
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involves waste reduction at the source, effective recycling systems, and
advances in waste-to-energy technologies. The transitioning to renew-
able energy, increasing energy efficiency, supporting sustainable trans-
portation, and improving agricultural practices will be possible by
precisely estimating emissions from these various sectors of the global
economy as shown in Table 1, Which is a comprehensive approach,
critical to effectively reducing global carbon emissions and combating
climate change. More so, Identifying key sources and volumes of CO2
emissions and waste streams suitable for conversion is essential for
effective environmental management and sustainability. This will
enable researchers and policymakers to develop and implement specific
initiatives to mitigate global CO2 emissions.

3. Conversion technologies and processes

CO2 has become a new frontier in environmental research and in-
dustrial innovation in its use as a sustainable resource (Sadiq et al.,
2024). With increasing concerns about greenhouse gas emissions and
their effects on climate change, a trend is shifting toward the conversion
of CO₂ from waste entities into useful resources (Bhattacharjee et al.,
2023). From this perspective, the application of various types of tech-
nologies for conversion and collection further transforming CO₂ into
products that can be utilized. These processes include carbon capture,

chemical conversion, biological and enzymatic processes, and electro-
chemical conversions (Fig. 6). The conversion of CO₂ into treasures is
crucial for environmental sustainability and resource efficiency (Arun
et al., 2024). Carbon capture and utilization (CCU) technologies, bio-
logical use of CO₂, mineralization, and carbonation are among the most
appropriate techniques for capturing CO₂ (Mahmoudi Kouhi et al., 2024;
Ho and Iizuka, 2024). The concepts presented align with the principles
of the circular economy, which seeks to transform waste into valuable
resources while minimizing environmental impacts.

3.1. Carbon capture and utilization (CCU) technologies

Carbon capture and utilization (CCU) technologies are crucial for
mitigating climate change and transitioning to sustainable energy sys-
tems. These technologies focus on capturing carbon dioxide emissions
and converting them into valuable products, addressing environmental
concerns while creating economic opportunities (Mohammed et al.,
2024). Direct Air Capture (DAC) and industrial capture systems are
promising CCU technologies. CCU technologies aim to mitigate the
adverse effects of CO₂ emissions, which are primary drivers of climate
change. By capturing CO₂ and repurposing it, CCU not only reduces
atmospheric CO₂ levels but also offers a sustainable supply of carbon for
various industrial processes Fig. 7. This approach aligns with the prin-
ciples of a circular economy, where waste is minimized, and resources
are continually reused (Roy et al., 2023; Maselli et al., 2024; McLaughlin
et al., 2023b).

3.1.1. Direct air capture
Direct Air Capture (DAC) is a technology that captures CO₂ directly

from the atmosphere, thereby addressing the widespread nature of at-
mospheric CO₂. DAC systems can be classified into two categories: liquid
solvents and solid sorbent systems (Chowdhury et al., 2023; Ayeleru
et al., 2023).

• Liquid Solvent Systems: Ambient air passes through a chemical
solvent such as an amine-based compound, which reacts with CO₂ to
form a stable compound. The CO₂ -laden solution was heated to
release the concentrated CO₂ and to regenerate the solvent for reuse
(Gautam and Mondal, 2023).

• Solid Sorbent Systems: These Solid materials, such as Metal-
Organic Frameworks (MOFs) or zeolites, with high CO₂ affinities.
Air passes over these sorbents, and CO₂ was absorbed on their sur-
faces. The sorbents were then heated or vacuumed to release the
concentrated CO₂ (Boer et al., 2023; Dziejarski et al., 2023a).

Direct Air Capture (DAC) offers a sustainable solution for reducing
atmospheric CO₂ levels by converting it into carbon-neutral fuels, such
as methanol or synthetic gasoline, using renewable energy (Goren et al.,
2024). CO₂ can also be used for chemical production, reducing reliance
on fossil fuels, and sequestered in underground formations, such as
depleted oil and gas reservoirs or deep saline aquifers (Wu et al., 2025).
reported that a 2D single-atom solution captures carbon dioxide from air
at ambient temperature using mechanical effects instead of thermal,
electrochemical, or chemical processes. This method, using a specially
designed compressor, reduces energy consumption to 0.56 GJ/t,
significantly lower than traditional systems, potentially revolutionizing
air carbon capture (Monteagudo et al., 2024). found that biochar
derived from olive pomace, activated with KOH, showed higher surface
areas and micropore volumes, doubling its CO2 adsorption capacity to
40 mg/g. The adsorption process was both chemical and physical,
enhancing biochar/KOH adsorption rates (Surkatti et al., 2025). studied
functionalizedmesoporous silica (SBA-15) for DAC under dry and humid
conditions, finding that various amines improved CO2 adsorption and
capacity, though there was a trade-off in thermodynamic efficiency due
to water desorption energy. Stability tests showed robust regenerability
over 10 cycles (Deka et al., 2025). demonstrated the efficacy of TiO2 in

Table 1
Key sources and volumes of CO2 emissions and waste streams suitable for
conversion.

Categories Sources Volumes Conversion
Potential

Agricultural and
Forestry
wastes

Crop residues,
animal manure,
soil management,
enteric
fermentation in
livestock, rice
production,
Logging residues,
sawmill waste,
deforestation, land
use changes,
synthetic
fertilizers.

Large, seasonally
variable volumes;
global crop residue
production is
estimated at
billions of tons
annually.
Substantial,
especially in
timber-producing
regions
Around 10% of
global greenhouse
gas emissions, with
a significant
portion as CO2
from deforestation
and soil
management

Biofuels, biogas,
biochar.
Bioenergy, wood
pellets and
briquette

Industry,
residential
and
commercial
buildings

Household waste,
commercial waste,
manufacturing
processes, and
chemical
production.
Heating, cooling,
and electricity
usage in homes and
commercial
buildings
Space heating, air
conditioning,
lighting, appliances

Varies by industry;
significant
quantities in heavy
industries like steel
and cement

Waste-to-energy
(WTE)
incineration,
anaerobic
digestion for
biogas, and
recycling.

Energy
production

Fossil fuel
combustion for
electricity and heat
(coal, natural gas,
oil).

Accounts for
approximately
42% of global CO2
emissions

Power plants,
industrial
boilers,

Transportation Combustion of
gasoline and diesel
in cars, trucks,
airplanes, ships,
and trains

Responsible for
approximately one-
third of global CO2
emissions.

Road transport,
aviation,
shipping
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regenerating potassium sarcosinate solvent using CO2, significantly
increasing the desorption rate and cumulative CO2 removal at 95 ◦C,
reducing total regeneration energy by approximately 50%, thus
improving the commercial viability of absorption-based CO2 capture
systems.

3.1.2. Industrial capture systems
Industrial capture systems are designed to capture CO₂ emissions

from sources, such as power plants, cement factories, and steel mills,
before they are released into the atmosphere (Perpiñá et al., 2023).
These systems use various techniques.

i. Post-combustion capture: Post-combustion capture (PCC) sys-
tems are used to capture CO2 from the flue gas emitted after fuel
combustion in industrial processes and power plants (Su et al.,
2023). These systems use physical or chemical processes such as

Fig. 6. CO2 Conversion processes.

Fig. 7. Carbon capture and utilization (CCU) technologies.
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absorption, adsorption, and membrane separation to enrich CO2
from flue gas. Advanced materials such as metal-organic frame-
works, zeolites, and novel solvents improve CO2 capture effi-
ciency and selectivity (Xu et al., 2023). PCC systems can be
integrated into existing infrastructure, making them a
cost-effective solution for reducing carbon emissions (Quang
et al., 2023). They are used in power generation, cement pro-
duction, and steel manufacturing.

ii. Pre-combustion capture: Pre-combustion capture involves the
gasification of fossil fuels to produce a synthesis gas (syngas) with
hydrogen and carbon monoxide (Alsunousi and Kayabasi, 2024).
This gas undergoes a water-gas shift reaction, converting carbon
monoxide into CO2 and hydrogen. CO2 is separated and captured,
whereas hydrogen is used as a clean fuel. This method is partic-
ularly beneficial for integrated gasification combined cycle
power plants, producing "blue hydrogen," which is a low-carbon
energy source (Choi et al., 2024).

iii. Oxy-fuel combustion: Oxy-fuel combustion, a process in which
fossil fuels are burned in pure oxygen, results in the production of
flue gas primarily composed of carbon dioxide and water vapor,
which can be easily separated and captured (Bazooyar and
Jomekian, 2024; Cheng et al., 2024). This method is efficient and
cost-effective, offering higher combustion temperatures and
reduced nitrogen oxide emissions. It is also suitable for retrofit-
ting existing power plants and can be integrated into new infra-
structure. In addition, oxy-fuel combustion is beneficial for
capturing CO2 from biomass power plants, leading to
carbon-neutral or carbon-negative energy production when
combined with CO2 storage (Tan et al., 2023).

Industrial capture systems have applications in the following areas.

i. Enhanced Oil Recovery (EOR): Industrial capture systems are
crucial for EOR, as they provide CO2 to boost oil extraction from
reservoirs. The process includes capturing CO2 from sources such
as power plants and cement factories or using advanced tech-
nologies to capture it directly from the air (Olabi et al., 2022).
The captured CO2 is then compressed, transported via pipelines
to oil fields, and injected into the depleting reservoirs. This in-
jection reduced the oil viscosity and increased the reservoir
pressure, facilitating easier extraction (Davoodi et al., 2024).
CO2-EOR not only improves oil recovery but also provides un-
derground storage of CO2, thereby alleviating the impact of
climate change and reducing greenhouse gas emissions (Dutta
et al., 2024). Combining EOR with Carbon Capture and Storage
(CCS) offers mature technology that sequesters CO2 and improves
oil production (Zhou et al., 2024). Advanced technologies such as
direct air capture (DAC) provide a sustainable CO2 source, sup-
porting negative carbon emissions when integrated with storage
(Ottenbros et al., 2024a).

ii. Chemical manufacturing: Industrial capture systems in chemi-
cal manufacturing aim to capture and manage CO2 and other
emissions to improve process efficiency and environmental sus-
tainability. These systems are used in various industrial processes
such as polymer processing and synthetic fuel production. They
also manage hazardous dust, improve workplace safety, and
reduce environmental impact. Advanced monitoring systems
track the emissions of gases such as nitric oxide and nitrogen
dioxide, ensuring compliance with environmental regulations.
CO2 capture from chemical manufacturing contributes to carbon
capture and storage initiatives, reducing greenhouse gas emis-
sions and supporting climate change mitigation efforts (Gabrielli
et al., 2020; Raganati and Ammendola, 2024).

iii. Construction Materials: Industrial capture systems are used in
the construction materials industry to manage and utilize CO2 to
enhance sustainability and efficiency. The applications include

the injection of CO2 into materials, such as concrete, to improve
properties and reduce carbon footprints. Reality Capture tech-
nologies, such as 3D laser scanning and photogrammetry, create
accurate digital models of construction sites and structures and
enhance project efficiency and safety. Modular and containerized
carbon capture systems make CO2 capture more efficient and
adaptable to various industrial applications, including construc-
tion, making them suitable for scalability and easy integration
into existing processes (Hu and Assaad, 2024; Qureshi et al.,
2024).

(Lu et al., 2024) developed an energy-efficient CO2 absorbent using
molecular dynamics simulations, combining N, N-dimethylethanol-
amine (DMEA) with ethylene glycol (EG) and various activators such as
ethanolamine (MEA), ethylenediamine (EDA), and piperazine (PZ).
Among these, DMEA-PZ-EG exhibited the highest CO2 absorption rate
and capacity, achieving 6.35 g- CO2/(kg-soln.min.) and 96.5
g-CO2/kg-soln, respectively, reflecting improvements of 230.1% and
206.35% over the 2M DMEA-EG absorbent. Furthermore, DMEA-based
absorbents reduced energy consumption by 33.93–51.56% compared
to a 30 wt% MEA solution (Yang et al., 2024a,b). introduced a method
for synthesizing cost-effective mesoporous solid amine adsorbents from
industrial waste silica fume and tetraethylenepentamine. The optimized
MPS-TEPA-30 sample demonstrated excellent CO2 adsorption capacity
and stability with effective performance at low pressures, indicating its
potential for ambient CO2 capture. Its thermal stability and predicted
adsorption selectivity further enhance its suitability for
high-temperature processes.

3.1.3. Synergies and innovations in CCU technologies
The incorporation of Direct Air Capture (DAC) and industrial capture

systems enhances the effectiveness of Carbon Capture and Utilization
(CCU) technologies. Advances in materials science, process engineering,
and renewable energy integration have driven these improvements.
Cutting-edge materials such as metal-organic frameworks (MOFs), zeo-
lites, and novel solvents enhance the efficiency and selectivity of CO₂
capture (Obi et al., 2024; Mabuchi et al., 2024). Intensification process
aims to create compact and high-efficiency capture systems that are
seamlessly integrated into industrial processes (Raganati and Ammen-
dola, 2024). Renewable energy sources, such as solar, wind, and
geothermal power, can power DAC systems, regenerate solvents, and
compress captured CO₂, thereby reducing the carbon footprint (Ozkan,
2024a). Advanced catalysts, including metal-based and composite cat-
alysts, have significantly improved CO₂ conversion efficiency. Utilizing
the waste heat from industrial processes further enhances the energy
efficiency of CO₂ capture and conversion technologies (Wang et al.,
2024a). Process optimization and real-time monitoring are crucial for
improving the performance and yield of CO₂ conversion technologies
(Samad et al., 2024). Advances in molecular dynamic simulations have
led to the development of novel CO₂ absorbents that significantly
enhance absorption performance and reduce energy consumption (Chen
et al., 2024). Hybrid materials, such as mesoporous solid amine adsor-
bents synthesized from industrial waste, provide a cost-effective and
efficient CO₂ capture solution, demonstrating superior adsorption ca-
pacities and stability (Yang et al., 2024a,b). Synergies and innovations
in CO₂ conversion technologies are driving the field toward more sus-
tainable and economically viable solutions for CO₂ reduction and
utilization.

3.2. Chemical conversion processes

Chemical conversion processes are essential for transforming CO₂
into valuable environmentally beneficial products. These processes help
mitigate global warming and provide a sustainable carbon source for
various industries, aligning with circular economy principles by pro-
moting resource efficiency and minimizing waste. Typically, these
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processes use catalysts to convert CO₂ into fuels, chemicals, and mate-
rials, thereby enhancing economic and environmental outcomes (Gupta
et al., 2024).

3.2.1. CO₂ conversion to fuels
CO₂ can be converted into fuels to provide a sustainable alternative

to fossil fuels and to reduce the carbon footprint of the energy sector.
Methanol (equation (3)), a versatile fuel and chemical feedstock, can be
synthesized from CO₂ through catalytic hydrogenation, in which CO₂
reacts with hydrogen over a copper-based catalyst at high temperatures
and pressures. Methanol can be used in internal combustion engines as a
feedstock for producing chemicals such as formaldehyde and acetic acid
and in fuel cells for electricity generation. Synthetic Natural Gas (SNG)
can be produced by converting CO₂ into methane (equation (4)), which
is a substitute for natural gas in heating, electricity generation, and
transportation. Fischer-Tropsch synthesis can convert a mixture of CO₂
and H₂ into liquid hydrocarbons (equation (5)), such as diesel and jet
fuel, compatible with existing fuel infrastructure and engines, providing
a seamless transition from fossil fuels.

CO2 + 3H2 → CH3 OH + H2 O 3

CO2 + 4H2 → CH4 +2H2 O 4

(2n+1)H2 + nCO2 → Cn H2n+2 + nH2 O 5

3.2.2. CO₂ conversion to chemicals
CO₂ can be utilized as a feedstock for the synthesis of various

chemicals, thereby reducing reliance on fossil-based carbon sources.
Formic acid is a chemical with significant value in agricultural, textile
processing, and preservative applications. Formic acid can be produced
through the electrochemical reduction of CO₂ (Patil et al., 2024). Urea,
which is extensively applied in fertilization and chemical
manufacturing, can be generated through the Bosch-Meiser urea process
by combining CO₂ and ammonia (NH₃). Polycarbonates are durable
plastics that are used in construction, electronics, and medical devices.
They can be synthesized by polymerizing CO₂ with epoxides using a
metal complex catalyst.

3.2.3. CO₂ conversion to materials
Carbonate conversion into materials presents the dual benefits of

carbon sequestration and innovation. The process of carbonate miner-
alization involves the reaction of CO₂ with metal oxides, resulting in the
formation of stable carbonates, which are subsequently employed in the
production of construction materials such as concrete and aggregates.
Concrete curing enhances the strength and durability of concrete while
sequestering CO₂. The conversion of CO₂ into graphene, a material with
remarkable mechanical, electrical, and thermal properties, is a prom-
ising solution for addressing global warming and promoting sustain-
ability. Graphene production provides a means of converting CO₂ into
fuels, chemicals, and materials, thereby supporting a circular economy
and reducing greenhouse gas emissions. These chemical conversion
processes have a significant potential for mitigating climate change and
contributing to a more sustainable future.

3.3. Biological and enzymatic conversion

Biological and enzymatic conversion processes offer innovative
pathways for transforming carbon dioxide (CO₂) and other feedstocks
into valuable products. Microbial fermentation and algal cultivation are
two prominent techniques that leverage the natural capabilities of mi-
croorganisms and algae to convert CO₂ into fuel, chemicals, and mate-
rials. These processes offer several advantages, including mild operating
conditions, high specificity, and the ability to use renewable feedstock.
By harnessing the power of nature, these techniques can provide

sustainable alternatives to traditional chemical processes (Karishma
et al., 2024; Sahu et al., 2024).

3.3.1. Microbial fermentation
Microbial fermentation is a metabolic process that converts sub-

strates, such as sugars and CO₂ into desired products, enabling the
production of various biofuels, chemicals, and materials. This process
produces biofuels, chemicals, and materials in a series of steps including
substrate uptake, metabolic conversion, and product formation (Ray
et al., 2024).

i.Substrate Uptake: Microorganisms take up substrates such as
glucose or CO₂, from their environment.
ii.Metabolic Conversion: Enzymes within microorganisms catalyze
reactions that convert substrates into intermediate metabolites.
iii.Product Formation: These metabolites are further transformed
into final products that can be secreted by cells.

Microorganisms and metabolic pathways can be optimized to pro-
duce specific products through engineering or selection.

Microbial fermentation is a versatile process that is used to produce
biofuels, chemicals, and materials (Ogundele et al., 2024).

•Biofuel Production

Microbial fermentation can generate various biofuels such as bio-
ethanol, biobutanol, and biodiesel from renewable feedstocks.

i.Bioethanol: Saccharomyces cerevisiae yeast can convert sugars
from biomass like corn and sugarcane into bioethanol, which can be
blended with gasoline or used as a standalone fuel.
ii.Biobutanol: Clostridium species can produce butanol, a high-
energy-density biofuel with superior blending properties compared
to ethanol, through the fermentation of sugars.
iii.Biodiesel: Microorganisms like microalgae and engineered yeast
can produce lipids that can be trans esterified to create biodiesel.
•Chemical Production: Microbial fermentation produces various
chemicals that are utilized in various sectors, such as industry,
agriculture, and pharmaceuticals.
i.Lactic Acid: Lactic acid bacteria convert carbohydrates into lactic
acid, which is used in food preservation, biodegradable plastics, and
pharmaceuticals.
ii.Succinic Acid: Engineered Escherichia coli can produce succinic
acid, a precursor for polymers, solvents, and pharmaceuticals, from
CO₂ and glucose.
iii.Acetone-Butanol-Ethanol (ABE): Clostridium species can
generate a mixture of acetone, butanol, and ethanol via
fermentation.
•Material Production: Microbial fermentation can produce bio-
polymers and other materials with various applications in packaging,
agriculture, and medicine.
i.Polyhydroxyalkanoates (PHAs): Bacteria such as Cupriavidus
necator can produce PHAs, which are biodegradable polymers used
in packaging and medical devices, from various carbon sources.
ii.Cellulose and Hemicellulose: Engineered microorganisms can
produce cellulose and hemicellulose, which are used in the produc-
tion of bio-based materials and composites.

3.3.2. Algal cultivation
Algal cultivation converts CO₂ and nutrients into biomass, which is

suitable for sustainable bioconversion due to their efficient photosyn-
thesis, making them ideal candidates for fuel, chemical, and material
production Figure 8 (Carmona-Martínez and Jarauta-Córdoba, 2024a).
Algal cultivation utilizes the natural photosynthetic abilities to convert
CO₂ and water into organic compounds and oxygen through various
mechanisms.

Y.A. Alli et al. Results in Surfaces and Interfaces 17 (2024) 100321 

10 



i. Photosynthesis: Algae absorb sunlight through chlorophyll and
pigments, converting CO₂ and water into glucose and oxygen by
using energy

ii. Biomass Accumulation: Algae rely on glucose for their develop-
ment and the accumulation of biomass, which involves the storage of
energy in the form of lipids, carbohydrates, or proteins.

Algal cultivation has extensive applications in the production of
biofuels, chemicals, and other materials.

4 Biofuel Production: Algae have the potential to generate various
biofuels and provide a sustainable alternative to fossil fuels.
i. Biodiesel: High-lipid algae can be harvested and processed into
biodiesel via transesterification.

Lipids + Methanol → Biodiesel + Glycerol

ii. Bioethanol: High-carbohydrate algae can be converted to
ethanol using yeast or other microorganisms.

iii. Biogas: Anaerobic digestion of algal biomass produces biogas, a
mixture of methane and CO₂, which is suitable for heating,
electricity generation, and transportation fuel.

• Chemical Production: Algae can produce a variety of chemicals,
including pigments, fatty acids, and bioactive compounds.

i. Astaxanthin: Algae such as Haematococcus pluvialis can produce
astaxanthin, a valuable antioxidant used in food supplements and
aquaculture.

ii. Omega-3 Fatty Acids: Microalgae like Schizochytrium and
Nannochloropsis can produce omega-3 fatty acids, used in
nutritional supplements and pharmaceuticals.

iii. Polysaccharides: Algal polysaccharides, such as agar, carra-
geenan, and alginate, are used in food, pharmaceuticals, and
biotechnology.

• Material Production: Algal biomass has the potential to be uti-
lized in various industries, such as packaging, agriculture, and
bio-composites for processing and application.

i. Bioplastics: Algal polysaccharides and proteins can be used to
create bioplastics, providing a sustainable alternative to tradi-
tional plastics.

Biomass → Bioplastics

ii. Biochar: Pyrolysis of algal biomass can yield biochar, a carbon-rich
material utilized as a soil amendment and for carbon sequestration.

Biomass → Biochar
Biological and enzymatic conversion processes, like microbial

fermentation and algal cultivation, offer sustainable and eco-friendly
ways to convert CO₂ and renewable feedstocks into valuable products,
utilizing the natural capabilities of microorganisms and algae.

3.4. Electrochemical conversion

Electrochemical conversion technologies, including electrolysis and
CO₂ reduction, transform CO₂ into valuable products using electrical
energy to drive chemical reactions These processes produce fuels,
chemicals, and materials that address environmental challenges Fig. 9.

3.4.1. Electrolysis
Electrolysis converts CO₂ into products such as carbon monoxide

(CO), methane (CH₄), and hydrocarbons, thereby supporting renewable
energy systems and creating chemical feedstock. The basic setup
involved an electrolytic cell with an anode and cathode to facilitate
reactions. Applications include:

Carbon Monoxide (CO) is used in synthetic fuel production via the
Fischer-Tropsch synthesis and in manufacturing chemicals such as
methanol and hydrocarbons.

Fig. 8. (a) Algal conversion from CO2 to fuel, chemical, and material production and (b) conversion of CO2 to Omega-3 Fatty Acids.
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CO2 + 2H2 → CO + 2H2 O

Methanol (CH₃OH): Utilized to produce formaldehyde, acetic acid,
polymers, and as clean fuel or fuel cells.

CO2 + 3H2 → CH3 OH + H2 O

Ethylene (C₂H₄): Used in making polyethylene, ethylene glycol, and
other chemicals and plastics.

2CO2 + 4H → C2 H4 + 2H2 O

Formic Acid (HCOOH): Employed in food preservation, textiles,
pharmaceuticals, and as a potential fuel or energy carrier.

CO2 + 2H+ + 2e− → HCOOH

Advancements in CO₂ electrolysis have focused on innovations in
catalysts, electrolyzer design, and system integration. The key areas of
innovation include the following.

i. Metal-based Catalysts: Copper-based catalysts are effective for
reducing CO₂ to hydrocarbons and alcohols.

ii. Composite Catalysts: These combine metals with other mate-
rials to enhance their performance and stability.

iii. Non-metal Catalysts: Carbon and organic materials are used for
CO₂ reduction.

High-performance electrolyzers are designed to improve efficiency,
durability, and scalability (Brü et al., 2024). Integrating electrolysis with
photovoltaic cells and other renewable sources enhances sustainability
and economic viability by converting excess renewable energy into
CO₂-derived products (Nnabuife et al., 2024a; Zapf and Wallek, 2022).
Process optimization involves refining operational parameters and using
real-time monitoring technologies to improve performance and yield
(Singh, 2022). Proton exchange membrane (PEM) electrolyzers enhance
the efficiency, durability, and scalability of CO₂ electrolysis (Fang et al.,
2024). Hybrid systems combining CO₂ electrolysis with renewable en-
ergy sources, such as photovoltaic cells, can directly power CO₂ con-
version processes, reduce fossil fuel reliance, and improve energy
efficiency (Xin et al., 2024; Saleh, 2022).

• Carbon dioxide (CO) reduction

Carbon Dioxide Reduction (CO₂RR) is an electrochemical process
that converts CO₂ into valuable products, such as fuels, chemicals, and
materials, using electrical energy. This process can mitigate climate
change by recycling CO₂ and by integrating renewable energy sources
(Al Harthi et al., 2024; Zhao, 2024). This involves two reactions: the

cathode reaction, which converts CO₂ to various products, and the anode
reaction, which oxidizes water or other substances to generate oxygen or
other by-products.

The applications of CO2 Reduction include the following.

i. Carbon monoxide: used in Fischer-Tropsch synthesis for hydrocar-
bons and chemical processes.

CO2 + H2 → CO + H2 O

ii. Methanol: CO₂ can be reduced to methanol, a versatile chemical and
fuel, using a copper-based catalyst:

CO2 + 3H2 → CH3OH + H2OCO2 + 3H2 → CH3 OH + H2 O

Methanol can be used as a fuel, chemical feedstock, or in fuel cells.

iii. Formic Acid: Formic acid, used in agriculture and industry, can
be produced from CO₂:

CO2 + 2H+ + 2e− → HCOOHCO2 + 2H+ + 2e− → HCOOH

Formic acid has applications in food preservation, textiles, and
pharmaceuticals.

iv. Ethylene: Ethylene, a key precursor for plastics and chemicals,
can be produced from CO₂:

2CO2 + 4H2 → C2H4 + 2H2O2CO2 + 4H2 → C2 H4 + 2H2 O

Ethylene is used in the production of polyethylene, ethylene glycol,
and other chemicals.

Research has focused on designing metal-based catalysts, such as
copper, silver, and gold, for the efficient, selective, and stably convert
CO₂ into specific products (Franco et al., 2020). Advancements in elec-
trochemical conversion aim to improve efficiency, scalability, and
integration with renewable energy sources (Sajna et al., 2023). In-
novations include advanced catalysts (e.g., nanomaterials, alloyed cat-
alysts, and engineered enzyme systems), integrated systems, process
optimization (e.g., high-performance electrolyzers and reactor designs),
and digitalization and automation for real-time monitoring, control, and
optimization (Bollini et al., 2023; Dwivedi et al., 2022). Electrochemical
conversion technologies, such as electrolysis and CO₂ reduction, are
crucial for addressing climate change and resource challenges by uti-
lizing electrical energy for sustainable fuel, chemical, and material
production (Detz et al., 2023; Grim et al., 2020). (Tao et al., 2024)
developed a new electrocatalyst to produce formate (HCOOH) during
electrochemical carbon dioxide reduction. Snowflake-like Cu2S
increased carbon dioxide concentration and promoted CO2 binding with
SnO2. Carbon spheres enhanced electron transport and converted CO2

Fig. 9. Electrochemical conversion of CO2.
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into HCOOH, and snowflake-like Cu2S loaded with 1 wt% SnO2@C had
an 88% HCOOH Faraday Efficiency and a stable current density for CO2
reduction (Yan et al., 2024). presented an electrochemical reconstruc-
tion of ultrafine Cu2O nanodomains on a CeO2 surface, which served as
an electrocatalyst for CO2 reduction. The Cu2O/CeO2 catalyst exhibited
a selectivity of over 49% towards CH4 over a broad potential range,
maintaining minimal activity decay for 20 h. The highest CH4 selectivity
was 70% at − 1.5 V vs. RHE (Shen et al., 2025). demonstrated the use of
nitrogen to adjust the Cu0 and Cu + sites in Cu2O catalysts, enhancing
C2-product conversion. The Cu0/Cu + ratio of the Cu2O catalyst was
controlled by adjusting the amount of N doping using NH3/Ar plasma
treatment. The study also clarified the ethylene Faraday efficiency vol-
cano curve, determining the optimal Cu0/Cu+ ratio of 0.43 for selective
CO2 to ethylene conversion (Song et al., 2024). prepared g-C3N4-PDI
(CNP) and MOF-545-NH2 (MNH) using calcination and hydrothermal
methods, respectively. CNP/MNH photocatalysts were created by in situ
growth of MNH on the CNP surface. The photocatalytic CO2 conversion
reaction was tested using triethanolamine and aniline solutions. The
CNP/MNH catalyst exhibited excellent performance, yielding a high
amount of CH4 with triethanolamine as a sacrificial agent, and some
CO2 was converted to ethanol.

3.5. Advantages and challenges of each conversion approach

Conversion
Approach

Advantages Challenges Possible
Solutions

Reference

Electrochemical
conversion

The process
offers
versatility,
renewable
integration,
high purity, and
direct
conversion of
CO₂ with
minimal by-
products,
allowing for the
production of
various
products, such
as CO, CH ₃, and
methanol

High electricity
costs, expensive
catalysts, and
industrial
scaling pose
significant
challenges to
the overall
process
efficiency

The integration
of low-cost or
renewable
energy sources,
development of
cost-effective
catalysts,
process design
optimization,
and investment
in research are
crucial for
reducing
electricity costs

(Bellini et al.,
2022; Garg
et al., 2020;
Ahmed et al.,
2022)

Chemical
conversion

High efficiency,
established
technology,
scalability, and
diverse
products make
this process
ideal for
industrial
production

This process is
energy-
intensive and
requires
significant
energy inputs,
potentially
causing
negative
environmental
impacts,
requires
complex
processes and
equipment, and
is reliant on
fluctuating raw
material costs

The strategy
involves
enhancing
energy
efficiency by
researching
and
implementing
energy-saving
technologies,
transitioning to
renewable
energy sources,
simplifying
processes, and
exploring
alternative,
sustainable raw
materials

(Clomburg
et al., 2017;
Carmona-Martí
et al., 2024b;
Osman et al.,
2024)

Biological
conversion

Sustainability,
low energy
input,
biomimetic
efficiency, and
resource
recovery are the
key benefits of
using
renewable
feedstocks and

Biological
processes can
be slow and
require precise
environmental
control for
scale-up, and
complex
conditions can
lead to mixed
products that

Genetic and
metabolic
engineering
can accelerate
biological
processes, and
scalable
systems can be
developed for
larger
operations.

(Liu et al.,
2024a; Baskaran
et al., 2024; Ji
et al., 2024)

(continued on next column)

(continued )

Conversion
Approach

Advantages Challenges Possible
Solutions

Reference

natural
processes

require further
separation

Control systems
can be refined
to achieve
optimal
conditions, and
advanced
separation and
purification
technologies
have been
developed

Electrolysis Clean hydrogen
production
minimizes the
environmental
impact, offers
energy storage
for excess
renewable
energy, is
adaptable to
various scales,
and can be
integrated with
renewable
sources

High capital
and electricity
costs, moderate
energy
efficiency, and
substantial
infrastructure
needs for
hydrogen
storage are
significant
challenges in
current
electrolytic
processes

Reduce cost-
effective
materials and
designs,
integrating
renewable
energy,
improving the
efficiency of
electrolyzer
designs, and
investing in
infrastructure
development
for hydrogen
storage and
distribution to
reduce capital
costs

(Song et al.,
2024; Kamran
and Turzyński,
2024; Nnabuife
et al., 2024b)

Direct air
capture (DAC)

The device
offers
versatility,
scalability,
high-purity CO₂
capture and can
be combined
with various
conversion
technologies for
large-scale
deployment

High costs,
energy
intensity,
limited
infrastructure,
and low
efficiency of
low-
concentration
CO₂ capture
make it a
challenging and
expensive
solution

Project aims to
reduce costs;
enhance energy
efficiency;
build
infrastructure
for CO₂
capture,
transport, and
storage; and
improve
methods for
capturing low-
concentration
CO₂

(Hu et al., 2024;
García-Bordej
et al., 2024a; Li
and Yao, 2024)

Industrial
capture
systems

High-efficiency,
established
technology
targets CO₂
streams,
integrates with
existing
industrial
processes, and
directly utilizes
CO₂ from
processes for
product
recovery

This technology
is limited to
specific
industries, has
high
operational
costs, requires
significant
infrastructure,
and relies
heavily on
existing
industrial
sources

Expand
applicability,
reduce
operational
costs, invest in
infrastructure,
and diversify
sources to
reduce CO₂
emissions
across diverse
industries

(Raganati and
Ammendola,
2024; Yagmur
Goren et al.,
2024)

4. Applications and value-added products

4.1. Carbon-neutral fuels: synthetic gasoline, diesel, and aviation fuel

The push for carbon-neutral fuels has gained momentum as a critical
strategy to combat climate change and reduce greenhouse gas emissions
from the transportation sector. Among these fuels, synthetic gasoline,
diesel, and aviation fuel hold significant promise due to their compati-
bility with existing infrastructure and potential for large-scale
production.

Y.A. Alli et al. Results in Surfaces and Interfaces 17 (2024) 100321 

13 



4.1.1. Synthetic gasoline
Synthetic gasoline is produced through processes such as Fischer-

Tropsch synthesis, which converts syngas—a mixture of carbon mon-
oxide and hydrogen derived from renewable sources—into liquid hy-
drocarbons. This fuel can be used directly in internal combustion
engines designed for conventional gasoline, thus offering a seamless
transition to more sustainable fuel options. Studies have demonstrated
that synthetic gasoline, when blended with alcohols like ethanol, can
improve engine performance and reduce emissions of pollutants
(Modupe Abati et al., 2024). Additionally, synthetic gasoline blends
with dimethyl carbonate have shown promising results in spray dy-
namics and combustion efficiency (Huang et al., 2023).

4.1.2. Synthetic diesel
Synthetic diesel, similar to synthetic gasoline, is produced via

Fischer-Tropsch synthesis and other methods such as hydroprocessed
esters and fatty acids (HEFA). It can be used in diesel engines without
modifications, making it a viable option for reducing emissions from
heavy-duty vehicles and machinery. Research indicates that synthetic
diesel can achieve lower emissions of particulate matter and nitrogen
oxides compared to conventional diesel, while maintaining high energy
efficiency (Salahi et al., 2022). The adoption of synthetic diesel is further
supported by advancements in exhaust gas analysis techniques, which
help optimize its performance and environmental benefits (Kraus et al.,
2022).

4.1.3. Synthetic aviation fuels
The aviation industry, a significant contributor to global CO2 emis-

sions, is exploring synthetic aviation fuels (SAFs) as a crucial part of its
decarbonization strategy. SAFs can be produced from a variety of
feedstocks, including biomass and captured CO2, through processes such
as Fischer-Tropsch and power-to-liquid (PtL) technologies. These fuels
have been shown to reduce life-cycle carbon emissions by up to 80%
compared to conventional jet fuel (Liu et al., 2022b). Moreover, SAFs
can be blended with traditional jet fuels, facilitating their adoption in
existing aircraft with minimal adjustments. The versatility and envi-
ronmental benefits of SAFs make them a key component of future sus-
tainable aviation practices (Jin et al., 2023) In addition to their primary
use as fuels, synthetic gasoline, diesel, and aviation fuel can generate
various value-added products. For instance, the by-products of
Fischer-Tropsch synthesis, such as naphtha and waxes, can be used in
the chemical industry to produce plastics, lubricants, and other mate-
rials (Buthelezi et al., 2024). Furthermore, the integration of synthetic
fuel production with carbon capture technologies not only helps in
reducing atmospheric CO2 but also provides a source of raw materials
for other industrial processes (Moreno-Gonzalez et al., 2021) The
development and adoption of synthetic gasoline, diesel, and aviation
fuel represent a significant step towards achieving carbon-neutral
transportation. These fuels offer a compatible and sustainable alterna-
tive to conventional fossil fuels, with the added benefit of generating
valuable by-products. Continued research and policy support are
essential to overcoming the current technological and economic chal-
lenges, paving the way for widespread implementation of these inno-
vative solutions.

4.2. Chemical feedstocks: methanol, ethylene, and formic acid

The utilization of methanol, ethylene, and formic acid as chemical
feedstocks plays a crucial role in various industrial processes, providing
a foundation for the production of a wide range of value-added products.
This review highlights the applications and benefits of these feedstocks
in modern industry.

4.2.1. Methanol
Methanol is a versatile chemical feedstock used extensively in the

production of formaldehyde, acetic acid, and a variety of other

chemicals (Kibria et al., 2019). One of its significant applications is in
the production of biodiesel through transesterification, which is an
environmentally friendly alternative to traditional fossil fuels (Andika
et al., 2018). Methanol is also pivotal in the manufacture of methyl
tert-butyl ether (MTBE), a gasoline additive that enhances combustion
efficiency and reduces engine knocking (Tabibian and Sharifzadeh,
2023).

Methanol is increasingly being explored for its potential in renew-
able energy applications, particularly in fuel cells. Methanol fuel cells
offer a clean energy source with higher energy density compared to
hydrogen fuel cells (Kappis et al., 2021). The electrochemical reduction
of CO2 to methanol using renewable energy sources presents a promising
route for sustainable fuel production and CO2 utilization (Wang et al.,
2020). Additionally, methanol can be used in the production of olefins
through the methanol-to-olefins (MTO) process, which provides a route
to produce valuable petrochemicals from non-petroleum sources (Mei
et al., 2022).

4.2.2. Ethylene
Ethylene is a fundamental building block in the petrochemical in-

dustry, primarily used in the production of polyethylene, which is one of
the most widely used plastics in the world (Chen et al., 2020). It serves as
a precursor for producing ethylene oxide, which is subsequently con-
verted into ethylene glycol, an important component in antifreeze and
polyester production (Fan et al., 2023; Chauhan et al., 2023)). The
versatility of ethylene extends to the synthesis of various polymers and
copolymers used in packaging, automotive parts, and consumer goods.

Advanced catalytic processes have enabled the efficient conversion
of ethylene into a wide range of chemical products, enhancing its value
as a feedstock (Chauhan et al., 2023) The development of catalysts that
improve the selectivity and yield of ethylene-based reactions has sig-
nificant implications for the production of high-value chemicals and
materials (Fan et al., 2023; Keijzer et al., 2024; Lamichhane et al., 2024).

4.2.3. Formic acid
Formic acid is utilized in various industrial processes, including as a

preservative and antibacterial agent in livestock feed, a coagulant in
rubber production, and a reducing agent in textile dyeing and finishing
(Bejigo et al., 2023). It is also used in the leather industry for tanning and
in the production of formate salts, which have applications in de-icing
and drilling fluids (Chilakamarry et al., 2021).

One of the emerging applications of formic acid is in the field of
renewable energy. Formic acid can be used in fuel cells as a hydrogen
carrier, providing a safer and more manageable alternative to hydrogen
gas (Nie et al., 2023) The electrochemical conversion of CO2 to formic
acid is a promising technology for CO2 utilization, offering a pathway to
produce a valuable chemical while mitigating greenhouse gas emissions
(Fu et al., 2022; Chauvy et al., 2019).

4.3. Carbon-neutral concrete, polymers, and aggregates

The construction industry is increasingly focused on sustainability,
prompting the development and application of carbon-neutral concrete,
polymers, and aggregates. These materials not only reduce environ-
mental impact but also offer enhanced performance and new value-
added products.

4.3.1. Carbon-neutral concrete
Carbon-neutral concrete is a revolutionary building material

designed to reduce the carbon footprint of construction. One approach
to achieving carbon neutrality in concrete is the incorporation of in-
dustrial by-products, such as fly ash and slag, which can replace a sig-
nificant portion of Portland cement (Dos Reis et al., 2021) This method
not only cuts down on carbon emissions but also enhances the me-
chanical properties and durability of the concrete (Dos Reis et al., 2021)
Another innovative technique is the use of CO2 curing, which involves
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injecting carbon dioxide into the concrete mix, leading to the formation
of stable carbonates that enhance strength and durability (Bandara
et al., 2023). Carbon-neutral concrete is being explored for various ap-
plications, including structural components, road construction, and
precast concrete products (Silva et al., 2019).

4.3.2. Polymers
Polymers in construction are primarily used for their durability,

flexibility, and resistance to environmental factors. Polymers such as
polyethylene and polypropylene are utilized in construction materials
like pipes, insulation, and roofing membranes (Zhang et al., 2020). The
use of recycled plastics in concrete as partial aggregates or fibers has
shown to improve the toughness and crack resistance of the material,
while also contributing to waste reduction (Mechtcherine et al., 2021)
Additionally, advanced polymers are being developed for use in smart
materials and coatings that can respond to environmental changes,
thereby enhancing the energy efficiency and longevity of buildings
(Mechtcherine et al., 2021).

4.3.3. Aggregates
Aggregates are essential components of concrete, providing struc-

tural integrity and bulk. The use of recycled aggregates from construc-
tion and demolition waste is a sustainable practice that reduces the
demand for natural aggregates and minimizes landfill waste (Salesa
et al., 2022). Studies have shown that recycled aggregates can achieve
performance levels comparable to natural aggregates when appropri-
ately processed and used (Salesa et al., 2022) Furthermore, specialized
aggregates, such as lightweight and high-density aggregates, are being
developed for specific applications, including high-performance con-
crete and radiation shielding (Nguyen et al., 2022) The integration of
recycled and innovative aggregates into concrete not only supports
environmental sustainability but also opens up new avenues for
advanced construction materials (Nguyen et al., 2022).

4.4. Food and agriculture: algal biomass for food supplements, CO2-
Derived fertilizers

4.4.1. Algal biomass for food supplements
The utilization of algal biomass in food supplements has garnered

significant interest due to its rich nutritional profile and potential health
benefits. Algal biomass, particularly microalgae, is recognized for its
high protein content, essential fatty acids, vitamins, and minerals,
making it a promising ingredient for enhancing the nutritional quality of
food products (Becker, 2013). The incorporation of algal biomass into
food supplements can address dietary deficiencies and promote overall
health and well-being (Shah et al., 2016).

One of the key advantages of algal biomass is its ability to produce
bioactive compounds that exhibit antioxidant, anti-inflammatory, and
antimicrobial properties. These bioactive compounds can enhance the
functional properties of food supplements, providing additional health
benefits beyond basic nutrition. For instance, spirulina, a type of blue-
green algae, is widely used in food supplements due to its high protein
content and bioactive compounds that support immune function and
reduce oxidative stress (Chauvy and De Weireld, 2020; Lu et al., 2021;
El-Shall et al., 2023; Gogna et al., 2023).

In addition to its nutritional and bioactive properties, algal biomass
is sustainable and environmentally friendly. Microalgae can be culti-
vated using non-arable land and non-potable water, making it a viable
option for sustainable food production (Spolaore et al., 2006) Further-
more, the cultivation of microalgae for food supplements can contribute
to carbon sequestration, as algae utilize carbon dioxide during photo-
synthesis, thereby reducing greenhouse gas emissions (Huang et al.,
2018).

4.4.2. CO2 – derived fertilizers
CO2-derived fertilizers are another innovative application in the field

of agriculture. These fertilizers are produced by capturing carbon di-
oxide from industrial processes and converting it into valuable agricul-
tural inputs. The use of CO2-derived fertilizers can enhance crop yield
and quality while simultaneously mitigating the environmental impact
of industrial CO2 emissions (Sanz-Cobena et al., 2017).

CO2-derived fertilizers provide essential nutrients to plants, such as
nitrogen, phosphorus, and potassium, which are crucial for plant growth
and development. These fertilizers can improve soil fertility, enhance
nutrient uptake by plants, and increase agricultural productivity
(Hosseini andWahid, 2016). Additionally, the utilization of CO2-derived
fertilizers can reduce the dependency on traditional chemical fertilizers,
which are associated with environmental issues such as soil degradation
and water pollution (Fu et al., 2022; Liu et al., 2021).

The development and application of CO2-derived fertilizers also
present an opportunity for the circular economy in agriculture. By uti-
lizing waste CO2 as a resource, these fertilizers contribute to a closed-
loop system that minimizes waste and maximizes resource efficiency
(Sanz-Cobena et al., 2017). This approach aligns with the principles of
sustainable agriculture and supports the transition towards more envi-
ronmentally friendly farming practices.

In summary, the applications and value-added products of algal
biomass and CO2-derived fertilizers offer significant potential for
enhancing food and agricultural systems. Algal biomass provides a
sustainable and nutritionally rich source for food supplements, while
CO2-derived fertilizers present an innovative solution for improving
crop productivity and environmental sustainability. These advance-
ments highlight the importance of integrating sustainable practices and
innovative technologies in the pursuit of food security and environ-
mental conservation.

4.5. Economic and environmental benefits of utilizing CO2-Derived
products

The utilization of CO2-derived products offers significant economic
and environmental benefits, playing a crucial role in mitigating climate
change and enhancing industrial sustainability.

4.5.1. Economic benefits
CO2-derived products can substantially reduce the costs associated

with carbon emissions by transforming CO2 from a waste product into a
valuable raw material (Liu et al., 2021, 2024b) This transformation
process can create economic opportunities across various industries,
including construction, agriculture, and energy. For instance, the use of
CO2 in producing building materials, such as concrete and polymers, can
lower the production costs while simultaneously reducing the carbon
footprint of these materials (Bolotova, 2023).

The production of CO2-derived fertilizers can enhance agricultural
productivity and reduce dependence on traditional chemical fertilizers,
which are often associated with high costs and environmental degra-
dation (Elaouzy and El Fadar, 2022) By utilizing waste CO2, these fer-
tilizers provide an economically viable solution for improving soil
fertility and crop yields (Elaouzy and El Fadar, 2022).

In the energy sector, CO2-derived fuels and chemicals can offer a
sustainable alternative to fossil fuels, reducing the economic impact of
fuel production and consumption (Zhang et al., 2023) The development
of technologies for CO2 conversion can also stimulate job creation in
green industries and promote economic growth through innovation and
investment in sustainable practices (Humpenö et al., 2022).

4.5.2. Environmental benefits
The environmental benefits of CO2-derived products are substantial,

as they contribute to the reduction of greenhouse gas emissions and the
mitigation of climate change. By capturing and converting CO2 emis-
sions from industrial processes, these products help to decrease the
overall carbon footprint of various industries (Bolotova, 2023).

CO2-derived materials, such as polymers and construction
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aggregates, can replace traditional materials that are often produced
through environmentally harmful processes (Wang et al., 2024b) For
example, CO2-derived concrete and other building materials not only
reduce CO2 emissions but also improve the sustainability of construction
practices by utilizing waste products and reducing the need for virgin
materials (Bolotova, 2023).

The use of CO2-derived fertilizers can enhance soil health and reduce
the environmental impact of agricultural practices. Traditional fertil-
izers often lead to soil degradation and water pollution, whereas CO2-
derived fertilizers offer a more sustainable alternative by promoting
nutrient recycling and reducing the need for chemical inputs (Elaouzy
and El Fadar, 2022).

Moreover, the development and application of CO2-derived products
align with the principles of the circular economy, promoting resource
efficiency and waste reduction. This approach supports the transition
towards more sustainable industrial practices and contributes to the
conservation of natural resources (Shang et al., 2021).

5. Demonstrating success: case studies and quantitative
evidence

5.1. Pilot projects and commercial ventures: climeworks, Carbon
Engineering, LanzaTech

5.1.1. Climeworks, Carbon Engineering, and LanzaTech: pioneers in carbon
management

These three companies are at the forefront of developing and
commercializing technologies to capture and utilize carbon dioxide
(CO2). They may have similar objectives, but their methods and
geographical coverage differ, as seen in Table 2.

5.1.2. Climeworks: direct air capture (DAC)
Climeworks has adopted several direct air capture (DAC) plants

globally, in countries including Iceland, Switzerland, and Canada. These
plants capture CO2 directly from ambient air and store it underground
(Bisotti et al., 2024) (see Fig. 10). The company has also partnered on
projects to utilize captured CO2 for enhanced mineral carbonation and
carbonated beverages. It is used for developing and scaling the DAC
technologies with suitable data for refining their process (García-Bordej
et al., 2024b). It captures CO2 from the atmosphere and offers various
applications to the consumer. Wang et al. (2024c) reported that there
are 19 DAC facilities with operations globally producing 10, 000 t of CO2
which is less than the 350 Mt of air-captured CO2 in application syn-
thetic fuels in 2050. They further explained the impurities of the CO2
stream led to an extra engineering cost. The liquid fuel, Carbon collects,
and MOF-74 nanocomposite contains 50 %, 95 %, and 70–80 % purity of
CO2. The purity of CO2 produced depends on the following factors: 1)
system design 2) the sorbent used and 3) the facility scale. Bissotti et al.
(Bisotti et al., 2024) suggested that the progress of DAC deployment
depends not just on technical requirements but finances, political and
social sciences are critical factors to be considered. They further pointed
out that the system capacity should be improved to 0.1 M tCO2 per year
for adsorption of DAC and 1.0 M tCO2 per year for liquid-DAC with
operation within 7 years of construction. Sievert et al. (2024) pointed
out that the future of DAC plants will be different from the current de-
signs with the incorporation of new or replacing existing components.
For instance, Carbon Engineering filed a patent application for bipolar
membrane electrodialysis (BPMED), reducing the need for pillet reactor.
Boerst et al. (2024) proposed the use of NGGC plants to power DAC in
the USA to repurpose the assets that would have been retired and boost
local economies that are impacted by decarbonization. They suggest for
the need to investigate the use low low-carbon technology power
sources like nuclear and renewable energy which becomes a critical
geographical factor in siting DAC plants like energy storage, solar and
wind corridor as well as nuclear power plants. Ottenbros et al. reported
(Ottenbros et al., 2024b) the burden and benefits of DACC on the

commercial scale in terms of quality of the ecosystem, human health,
and climate change for capturing and storing 1 tonne of CO2. Regardless
of energy generation configuration and background scenario, the envi-
ronmental benefits outweigh the costs of constructing and maintaining
the DACCS system for harm to ecosystems and climate change. On the
other hand, the benefits to human health increase only if external de-
velopments align with keeping warming to 2 ◦C or less than 1.5 ◦C, and
only if the costs associated with grid-connected and hybrid electricity
arrangements are also greater. Examining contributions reveals that the
primary effect categories that harm human health and ecosystems are
climate change, human toxicity, and the creation of fine particulate
matter. Gutsch and Leker (2024) reported that the Utilization gets close
to 100% if sufficient extra PV power and storage capacity are installed,
as demonstrated by the "200–300" combination in Nevada. The off-grid
CO2 removal process could become unaffordable due to the greater
upfront costs involved with huge energy systems. Environmental effects
are also linked to the energy system’s production. Emissions of green-
house gases from the energy system’s life cycle reduce CRE, which raises
the price of net CO2 removal. Other environmental effects should be
minimized under the principles of sustainable development, even
though they do not immediately result in increased expenses. They
further reported the annual cost of 100 KtCO2 per year off-grid DAC
system in Nevada. The annual cost of the adsorbent material with the
amount of the captured CO2 because of the degradation of the adsorbent
material is directly proportional to the amount of CO2 captured.

5.1.3. LanzaTech: carbon recycling
LanzaTech has developed and deployed gas fermentation technology

Table 2
The main differences between Climeworks, LanzaTech, and Carbon Engineering.

Features Climeworks LanzaTech Carbon
Engineering

Primary focus Direct air
capture (DAC)

Carbon recycling
(gas fermentation)

Direct air
capture (DAC)
and Carbon
conversion

Feedstock Ambient CO2 Industrial waste gas
(CO, H2)

Ambient CO2

Technology Solid sorbent-
based DAC

Microbial
fermentation

Liquid-based
DAC and
conversion to
fuels.

End-products Capture CO2 for
storage or
utilization

Ethanol, other
chemical fuels

Captured CO2,
synthetic fuels

Commercialization
stage

Advanced,
multiple
commercial-
scale plants

Commercializing in
various regions

Scaling up
commercial
operations

Focus Permanent CO2
removal

CO2 utilization and
waste reduction

CO2 removal
and potential
fuel production

Maturity More
commercially
developed

Earlier stage of
development

Earlier stage of
development

Challenges High energy
consumption,
cost reduction

Optimization
process efficiency,
market
development for
the product

High energy
consumption,
cost reduction

Opportunities Growing Carbon
offset market,
CO2 utilization
potential

Waste reduction in
industries,
development of
sustainable fuels.

CO2 removal
contribution for
carbon-neutral
fuel

Synergy Captured CO2
from this process
can be utilized
by LanzaTech or
Carbon
engineering

Not applicable Captured CO2
from this
process can be
utilized by
LanzaTech.
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(see Fig. 11) to convert industrial waste gases, including those con-
taining CO2, into ethanol and other chemicals (Mihalcea et al., 2023;
Quataert et al., 2023). The company is well-known for having several
pilot and demonstration projects in operation around the world
(Sobieraj et al., 2022). LanzaTech has partnered with major industrial
companies to build commercial-scale facilities to produce sustainable
fuels and chemicals. It is expanding its technology to solve a range of
waste gases and specific products. There are two main pilot plants: 1.
Municipal Solid Waste (MSW) to ethanol: It is portioned with Sekisui
chemicals to develop pilot plants that convert syngas from MSW into
ethanol. This project demonstrates the potential of gas fermentation to
address waste management and produce valuable products (Kö et al.,
2020). Nabila et al. (2024) reported that MSW was used as a substitute
for gasoline with the potential significance reduce greenhouse gas
emissions from 29.2 to 86.1 %. They further reported that MSW paper
and grass chipping were mixed with corn stover to produce biofuel at
operation cost US $72.83 to US $72.26. Arias et al. (2024) reported
edible oil-crop are used as feedstocks to produce 95 % biodiesel called
first-generation biofuel while those obtained from non-food feedstocks
are second-generation biofuel then finally the use algae to produce
biofuel and it has superior advantages because it has cheaper production
processes, higher feedstocks availability, remarkable productivity of

15–3000 better to other generations of biofuels.
Royle et al. (2024) A fermentation technique can also be used to turn

pre-treated waste biomass into ethanol. Even though over 5 billion liters
of bioethanol are generated annually in Europe from biomass feedstocks,
most of that ethanol is first-generation ethanol made from feedstock
made of beet sugar.28 Alternatively, wood, food waste, low-quality
crops, and sewage sludge are used as feedstocks for biomass waste. 2.
Carbon dioxide to High-value lipids: It collaborates with oil to convert
carbon dioxide to lipids with biofuel application (Waltz, 2024). Through
strain performance optimization, biotechnological approaches have
increased the efficiency of butanol synthesis. The creation of strains to
produce butanol has concentrated on features such as butanol produc-
tivity and selectivity in lignocellulosic biomass waste, enhanced sub-
strate utilization, and butanol tolerance. In batch fermentation,
Clostridium strains can withstand butanol concentrations as low as 2%
(v/v) and usually produce less than 13 g/L of butanol. Butanol has a
complicated toxicity profile to microbial systems that impact a range of
cellular functions. Clostridium spp. create butanol, which reduces
cellular proton motive force and electrochemical potential, fluidizes the
phospholipid layer to disturb membrane stability, and inhibits ATPase
function. All of these effects occur when ions can pass through the
membrane (Nabila et al., 2024). Raj et al. (2024) reported that young

Fig. 10. The process of the climeworks direct air capture (DAC) (Beuttler et al., 2019). Copyrights by Frontiers @2019.

Fig. 11. The operation of gas fermentation.
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and new forest absorbs about 30 % CO2 from the atmosphere which is
significant in biomass remains in mass. Therefore, afforestation is crit-
ical because young trees grow faster and absorb much less carbon with
smaller photosynthetic surface area. The death of trees through pests or
diseases or aging will result in a decline in the rate of carbon uptake.
Mishra et al. (2024) demonstrated that the degree of codon optimization
influences product biosynthesis in an engineered organism by employ-
ing two codon-optimized forms of the thioesterase, BTE, to demonstrate
C12-fatty acid production in C. necator. The titers decreased after 24 or
48 h due to fatty acid consumption, even though we were able to create
approximately 100 mg/L of dodecanoic acid. Finding and eliminating
more β-oxidation genes is crucial because even in strain H16-6895,
where β-oxidation operons A0459–A0464 and A1526–A1531 were
removed, the oleochemical compounds were catabolized at later times.
This corresponds with a recent study that found that several other
β-oxidation genes are expressed when the H16-6895 strain is grown in a
medium containing medium-chain-length fatty acids (Strittmatter et al.,
2023).

5.1.4. Carbon Engineering: direct air capture and carbon conversion
Carbon Engineering has built a large-scale pilot plant in Squamish,

British Columbia, Canada. Carbon Engineering is partnering with in-
dustrial companies to develop commercial-scale facilities for producing
low-carbon fuels and chemicals. The company is also exploring oppor-
tunities for carbon storage and utilization. There have not been any fully
commercialized Carbon engineering ventures involved in operational
globally but some of the nations developing and deploying these tech-
nologies. This facility demonstrates the company’s technology for
capturing CO2 from the atmosphere and converting it into trans-
portation fuels and other products (Barahimi et al., 2023). This uses 3
basic technologies.

5.1.5. Direct air capture (DAC): the captured CO2 is successfully removed
from the ambient air

Fuel synthesis: The conversion of the captured CO2 into trans-
portation fuel, showing the potential for creating carbon-neutral fuel (Ló
et al., 2024). García-Bordejé, and González-Olmos (García-Bordej et al.,
2024b) reported that the utilization of DAC technology is motivated by
the ability to transform captured CO2 into valuable products. Two pri-
mary categories of chemical products can be produced from CO2 con-
version: those that come from a redox reaction that needs a
hydrogenating agent and those that come from a non-redox reaction that
can produce urea, carbamates, organic carbonates, and inorganic car-
bonates. The products of non-redox reactions are currently produced
from fossil fuels. The market demand for these chemicals is much lower
than that for fuels and chemicals such as oxygenates, alkanes, and ole-
fins. Fuels for transport can be also produced starting from CO2 via CO,
methanol, methane or light olefins intermediates. Electrofuels,
commonly referred to as e-fuels since their carbon neutrality is guar-
anteed by capturing spent CO2 from the atmosphere, are CO2-based
hydrocarbons that are created using renewable electricity and water.
Because biofuels are less sustainable and have a restricted supply of
feedstock, which limits their scalability, e-fuels are becoming more
significant. Furthermore, it is possible to tune the DAC process to cap-
ture both CO2 and the H2O required for the synthesis of e-fuels. Shao
et al. (2024) reported the process known as "Carbonate Dry Reforming of
Methane (CaDRM)" uses a reaction between methane (CH4) and lime-
stone (CaCO3) to directly produce cement clinker precursor (CaO) and
syngas (CO + H2). Thermodynamic research shows that as compared to
CaCO3 thermal decomposition, the reaction temperature of CaDRM is at
least 200 ◦C lower. Utilizing cement raw meal at 700 ◦C, lab-scale
experimental investigations demonstrate a 90 % CH4 conversion and a
95% CaO production at 91 % syngas selectivity in CaDRM. Comparing
the CaDRM approach to the traditional CaCO3 thermal decomposition
pathway, process simulation scale-up, and economic analysis show that
the former can lower CO2 emissions by 37.2 %. More importantly, the

value-added syngas products and energy savings can be used to reach a
net profit of $271.0/t (clinker). Postweiler et al. (2024) reported a
portion of the CO2 that is captured by a DACCS system from the envi-
ronment (mco2,cap) is placed in permanent storage (mco2,sto) (Fig. 12).
Themass flow of purified CO2 that exits the DAC plant is described in our
work by the amount of captured CO2 (mco2,cap). Due to leaks in CO2
transportation and storage, not all of the captured CO2 is kept indefi-
nitely. The DACCS system releases GHGs both directly and indirectly to
absorb CO2. It also needs total work (Wtotal) and total heat (Qtotal). The
impact of these GHGs on climate change (CC) is measured in CO2
equivalents.

A Collaborative initiatives: CO2 Value Europe, Carbon Utilization
Research Council (CURC)

5.1.6. CO2 Value Europe (CVE)
CO2 Value Europe (CVE) is a non-profit organization dedicated to

promoting Carbon capture and Utilization (CCU) technologies across
Europe. It is a platform for stakeholders in the CCU value chain,
including industries, startups, research institutions, and policymakers. It
is important to accelerate CCU technology to contribute to a future for
Europe (Position paper CVE CCU in, 2022). Chauvy and Weireld (2020)
reported CO2 utilization is naturally converted by photosynthesis with
wide application in dry cleaning, the food industry, and extraction of
compounds with supercritical CO2. This showed that renewable sources
of carbon-free from renewable sources can be converted into useful
commodity materials, chemicals, and fuels. CVE also has an initiative in
the deployment and development of large-scale CO2 conversion pro-
cesses in Europe. The capturing and converting of CO2 from awide range
of emissions sources include 5–12 % energy generation sources, 15 %
industrial sources, 14–33 % cement factories, and 0.04 % directly from
the air, enabling the development and deployment of new technologies
with the potential to mitigate CO2 emissions. Mias et al. (2020) reported
the political and physical collaboration in the European power market
with emphasis on costs and benefits to CO2 emissions of 90–139 Mt,
abatement cost and benefits of 245–271 EUR/ton CO2 and prices of
57–67 EUR/MWh in 2050 for the most collaborative narrative while the
emission 848–1013 Mt, cost of 378–559 EUR/ton and electrical prices
47–57 EUR/MWh for the least collaborative ones. They further observed
that countries at the outskirts of the European market seem to experi-
ence lower prices and abate more but prices are higher and abatement
lower in Central and South-East Europe.

5.1.7. Carbon Utilization Research Council (CURC)
The Carbon Utilization Research Council (CURC) is primarily a US-

based and industry-driven coalition, with a focus on utilizing fossil
fuels responsibly. The stakeholders or membership includes power
generators, technology developers, labor unions, industry associations,
fossil fuel producers, non-governmental organizations (NGOs), and
research organizations. They collaborate and promote research, devel-
opment, and deployment of CCU technologies for utilizing fossil energy
resources sustainably (Carbon Utilization Research Council (CURC) and
Carbon Utilization Research Council (CURC), 2024). Yuan et al. (Yuan
and Lyon, 2012) reported a collaboration between US and China for
Carbon capture and storage (CCUS) because they are the world’s largest
greenhouse gas emitters. They are collaborating to produce clean and
common energy security to solve their differentiated economic and
development challenges with benefits to the US such as acceleration in
technology, job creation, reduction of electrical prices, and saving cost.
Waxman et al. (2021) reported the CCUS in the gulf clusters which
shows that the CCUS cost is equivalent to the social cost of carbon with
the effect that the US Federal tax incentives which have been put in
place till 2026 would justify 3.3–77.6 million tonnes of annual CCUS in
the region depending on the choice of technology of storage and the
degree of pipeline network coordination. Frank-Collins et al.
(Frank-collins et al., 2022) reported the initiative of the goal of the US
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government to reduce by ∼ 50 % of the economy-wide greenhouse gas
emissions pollution from 2005 to 2030 with funds allocation of $12.1
billion for the development of Carbon capture, utilization, and storage
(CCUS) technologies and projects through the infrastructure investment,
availability of the expanded tax credits (45 Q credits) to defray the cost
of CCUS projects and increasing net-zero emissions commitments from
numerous companies have led to strong interest in CCUS in the 20-state
region across the Midwest, mid-Atlantic and New England regions.

5.1.8. Potential for collaboration between CVU and CURC
While their geographical and industry focus areas differ, there’s

potential for future collaboration between CVE and CURC. They share a
common goal of advancing CCU technologies, and information ex-
change or joint research projects could be beneficial.

The possible areas for Collaboration.

• Sharing best practices and technical knowledge in CCU technologies
in specific areas of research findings, pilots and demonstration pro-
jects, technology road mapping, policy and regulatory frameworks,
and market analysis with benefits of accelerated technological
advancement, risk mitigation, overcoming technical barriers, stan-
dardization and interoperability, policy influence, talent develop-
ment, and global leadership.

• Collaborating on advocacy efforts to promote supportive policies for
CCU development with expanded reach, leveraging complementary
strengths in terms of industry insights and research expertise,
stakeholder engagement, and driving innovation, creating new
market opportunities.

• Highlighting successful CCU projects globally to accelerate adoption
will demonstrate the feasibility and commercial viability, inspiring
innovation, attracting investors, building partnerships and address-
ing public concerns through joint publications and reports, orga-
nizing conferences and workshops, creating an online database, and
establishing award and recognition for outstanding CCU projects.

Both CO2 Value Europe and the Carbon Utilization Research Council
are crucial in driving CCU innovation and implementation. Their work
paves the way for a future with reduced reliance on fossil fuels and a
more sustainable carbon cycle.

5.2. Success stories in various industries: energy, manufacturing,
agriculture, transportation

CCUS has the goal to capture carbon dioxide, store it underground,

or repurpose it for wide application in various industries to reduce the
carbon footprint to 15–20 % by 2050 (see Fig. 13). The success stories in
these industries are discussed below.

5.2.1. Success stories in energy industries
The energy industry embraces carbon capture, utilization, and stor-

age (CCUS) technologies to tackle climate change. We have 3 success
stories showcasing how CO2 is being harnessed for sustainable solutions.

1 Enhanced Oil Recovery in the Permian Basin, USA:

Challenge: The Permian Basin, a prolific oilfield in the US, emits
significant CO2 into the atmosphere during extraction, processing, pro-
duction, and transportation with a substantial footprint with critical
climatic changes through energy consumption, transportation, flaring,
and venting (Dismukes et al., 2019).

Solution: ExxonMobil captures 120million metric tonnes of CO2 per
year from its operations. This is equivalent to 40 % of the total
anthropogenic CO2 ever recorded to be captured through the purchase
of the largest network in the US with more than 1500 owned and
operated CO2 pipelines and access to more than 15 onshore sites as CO2
storage facilities. This captured CO2 is then injected back underground
to increase oil production through a process called Enhanced Oil Re-
covery (EOR) (Rassenfoss, 2022).

EOR utilizes CO2 to displace remaining oil in the reservoir, effec-
tively extending the well’s life and maximizing resource recovery.

Impact: This project demonstrates the viability of CCUS for both
economic benefit (increased oil production) and environmental
improvement (reduced CO2 emissions) (Rassenfoss, 2022).

2 CarbonCure Technologies - Converting CO2 into Concrete
Strengthener (Guo et al., 2024):

Challenge: The cement industry is a major contributor to global CO2
emissions because cement is an essential component of concrete and the
backbone of modern construction with ubiquitous applications from
skyscrapers to roads. This is due to the energy-intensive from fossil fuel,
staggering global demand with billions of tonnes produced.

Solution: CarbonCure Technologies developed amethod to integrate
captured CO2 directly into concrete during mixing. The CO2 chemically
reacts to form stronger, more durable concrete.

Impact: This technology offers a double benefit: reducing CO2
emissions by permanently storing it in concrete and creating a superior
building material. CarbonCure estimates its technology has utilized over

Fig. 12. Simplified visualization of the captured CO2 mass (mco2,cap) and the GHGs emitted (CC) between the atmosphere, the DACCS system, and the permanent
storage (mco2,sto) (Postweiler et al., 2024).
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half a million tons of CO2 to date.

3 Iceland’s Hellisheidi CarbFix Project (Ragnheidardottir et al.,
2011; Sigfú et al., 2018):

Challenge: Iceland stands as a global beacon for renewable energy
with geothermal power forming the backbone of its energy infrastruc-
ture to achieve a near carbon neutral status, which can release CO2 as a
byproduct. Though the lower than the fossil fuel emissions but they can
still contribute to climatic changes. Also, geothermal fluids has varied
compositions with higher level of dissolved gas including CO2.

Solution: The Hellisheidi CarbFix project captures CO2 emissions
from a geothermal power plant. The CO2 is then dissolved in water and
injected deep underground, where it mineralizes into rock formations
over time.

Impact: CarbFix provides a safe and permanent storage solution for
captured CO2, preventing its release into the atmosphere. This is a
crucial step for geothermal energy to become a truly sustainable power
source.

These success stories showcase the potential of CCUS technologies to
play a significant role in the energy transition. By harnessing CO2, we
can create a cleaner future while ensuring energy security and economic
growth.

5.2.2. Success stories in manufacturing industries
Carbon dioxide (CO2), the villain of climate change, is getting a

makeover in the manufacturing industry. We have 3 success stories that
showcase how companies are harnessing CO2 to create sustainable

solutions.

1 LanzaTech: Turning Emissions into Sustainable Fuels and Chemicals

Challenge: The conventional method stores the captured CO2 un-
derground but does not eliminate it because there are concerns such as
leakage of CO2 from the underground storage sites, and continuous
monitoring of the storage sites to detect potential risks which is cost and
resource-intensive, limited suitable underground storage sites and
public perception on the safety and long-term implication (Brethauer
and Studer, 2021).

Solution: LanzaTech, a New Zealand-based company, has developed
a pioneering technology that utilizes captured industrial CO2 emissions.
Their unique microbes convert the CO2 into ethanol, a versatile biofuel.
This ethanol can then be further processed into chemicals used in
everyday products like plastics and clothing (Brethauer and Studer,
2021).

Impact: LanzaTech partners with various industries, including steel
and chemical production, to capture their CO2 emissions and create a
valuable resource. This not only reduces their environmental footprint
but also creates new revenue streams (Brethauer and Studer, 2021).

2 CarbonCure Technologies: Trapping Carbon in Concrete

Challenge: The chemical reaction of calcining limestone during
concrete formation produces carbon dioxide, increasing greenhouse gas
emissions into the atmosphere. During carbonation, the concrete
hardens by absorbing carbon dioxide from air, but the amount of carbon

Fig. 13. The Industrial impact and goal of CCUS.
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captured is significantly less than that released during cement produc-
tion. The concrete industry is responsible for approximately 5–8 % of
global Carbon dioxide emissions (Han et al., 2024).

Solution: Canadian company CarbonCure Technologies offers a
revolutionary approach to the construction industry. Their technology
injects captured CO2 directly into concrete during the mixing process.
Through a mineralization process, the CO2 chemically reacts with the
concrete, permanently trapping it within the structure (Ashirov and
Coskun, 2024).

Impact: This not only reduces CO2 emissions but also strengthens the
concrete, leading to longer-lasting and more durable buildings. Car-
bonCure’s innovation is being adopted by major construction companies
worldwide, potentially significantly reducing the industry’s carbon
footprint (Ashirov and Coskun, 2024).

3 Covestro: Creating Sustainable Polyols with CO2

Challenge: The plastic industry depends heavily on fossil fuels for
raw materials which leads to 1) the Depletion of fossil fuels which is
unsustainable, and 2) the release of greenhouse gases. Fossil fuels
include oil, natural gas, and coal are finite resource formed over millions
of years. Their extraction and processing for plastics production con-
tributes to rapid depletion. This unsustainable consumption rate results
in a global crisis that accelerates the need for an alternate, less scarce
energy resource because as the fossil fuel reserve dwindles, their costs
rise potentially influencing plastic production costs and the overall
economy. The plastics industry’s fossil fuel dependence is a double-
edged sword cutting into resource sustainability and environmental
health (Mneimneh et al., 2024).

Solution: German chemical giant Covestro has developed a process
to utilize CO2 in the production of polyols, a key component in the
manufacturing of polyurethane foams. Traditionally, polyol production
relies on fossil fuels. Covestro’s technology captures CO2 emissions and
converts them into a sustainable alternative raw material (Zhu, 2019).

Impact: This not only reduces their reliance on fossil fuels but also
creates high-performance polyols with similar properties to their con-
ventional counterparts. Covestro’s innovation paves the way for a more
sustainable future for the polyurethane foam industry, used in every-
thing from insulation to mattresses (Zhu, 2019).

5.2.3. Success stories in agriculture industries
Combating climate change requires innovative solutions, and agri-

culture is no exception. There are 3 success stories showcasing how
farms are harnessing carbon dioxide (CO2) to achieve a more sustainable
future.

1 CO2-Enriched Greenhouses for Booming Plant Growth:

Challenge: Traditional greenhouses often require significant energy
for heating, especially in colder climates. This depends on 3 factors 1)
large surface area: greenhouse expose a vast area to the environment
leading to significant heat loss 2) Material conductivity: Many green-
house materials allow light penetration and conduct heat accelerating
energy dissipation. 3) Temperature fluctuation: Rapid temperature
change between day and night that leads to constant heating adjustment
(Ahamed et al., 2019).

The Solution: Several greenhouse operations are utilizing captured
CO2 from industrial facilities. By pumping this CO2 into greenhouses,
they create a CO2-enriched atmosphere. Plants thrive in slightly elevated
CO2 levels, leading to increased growth rates and yields. This reduces
the need for artificial heating, lowers energy consumption, and even
improves the quality of some crops like tomatoes and peppers (De Gelder
et al., 2012).

Success Story: E. J. Bakker, a Dutch tomato grower, has successfully
implemented CO2 enrichment in their greenhouses. They report a 20%
increase in tomato yield while reducing their natural gas consumption

by 15% (De Gelder et al., 2012).

2 Algae Farming: Transforming CO2 into Biofuel and Animal Feed:

The Challenge: Livestock production generates significant methane
emissions, a potent greenhouse gas. Additionally, traditional biofuel
production can compete with food crops for land (Garnett, 2009). Global
demand for meat and dairy products has led to the expansion of livestock
farming. Livestock, particularly, ruminants like cattle and sheep produce
significant amount of methane as a by-product of their digestive process.
Methane is a potent greenhouse gas with far greater warming impact in a
shorter timeframe. This has an environmental impact that contribute to
climate change, impact to human health, and the ecosystem.

The push for renewable energy has led to an increase in biofuels
obtained from agricultural crops but large-scale production of biofuel
crops competes with food production for land, water, and other re-
sources which leads to high food prices, especially staple crops, and
leads to high food prices. It also leads to deforestation, soil erosion, and
water pollution.

The Solution: Algae farming offers a double win. Algae can be
grown in large tanks or ponds, utilizing captured CO2 as a nutrient
source. This captured carbon can then be converted into biofuels,
reducing reliance on fossil fuels. Additionally, certain algae strains can
be processed into protein-rich animal feed, offering a sustainable alter-
native to traditional sources like soy (Sarwer et al., 2022).

Success Story: Blue River Technology, a US-based company, has
developed large-scale algae production facilities that capture CO2 from
industrial sources. The company refines the algae into biofuel and ani-
mal feed products (Mahmood et al., 2023).

3 Regenerative Agriculture: Building Soil Carbon for a Healthier
Planet:

The Challenge: Conventional agricultural practices like frequent
tillage, monocropping, excessive use of fertilizer, and residue removal
often deplete soil organic carbon, a crucial component for healthy soil
and plant growth. This loss also contributes to atmospheric CO2 levels
(Stockmann et al., 2013). The soil organic carbon (SOC) is a mixture of
organic compounds that accumulates in the soil over time through the
decomposition of animal and plant matters. The SOC is pivotal in
building stable soil structure, reservoir for nutrient recycling like ni-
trogen and phosphorus, enhance water retention capacity and carbon
sequestration. This loss of SOC also reduces agricultural productivity,
accelerated climatic change and causing water pollution.

The Solution: Regenerative agriculture focuses on building soil
health through practices like cover cropping, reduced tillage, and
compost application. These practices promote the growth of beneficial
soil microbes that capture carbon from the atmosphere and store it in the
soil. This improves soil fertility, water retention, and crop yields while
also mitigating climate change (Pontius and McIntosh, 2024).

Success Story: The Rodale Institute, a non-profit research organi-
zation, has been demonstrating the benefits of regenerative agriculture
for decades. Their long-term studies show significant increases in soil
organic carbon content on their research farms, leading to improved soil
health and productivity (Kassam and Kassam, 2021).

5.2.4. Success stories in transportation industries
Transportation is a major contributor to greenhouse gas emissions.

However, several innovative companies are using captured carbon di-
oxide (CO2) to create sustainable solutions within this sector. 3 success
stories.

1 Electrofuels for Greener Shipping:

Challenge: The traditional shipping industry relies heavily on fossil
fuels. Global shipping in international trade is responsible for the
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movement of 90 % of world goods which traditionally releases signifi-
cant amounts of greenhouse gases (CO2) that influence climate change
by global warming. The sheer size of the shipping industry magnifies its
impact with billions of tons of cargo moved annually, the cumulative
emissions are substantial with a disproportionate effect on the climate
change. The increased CO2 levels contribute to rising global tempera-
tures, ocean acidification, and extreme weather events. These changes
pose risks to coastal communities, marine ecosystems, and global food
security. It is imperative to address the shipping industry’s carbon
footprint to mitigate climate change (Shenkin, 2023; Islam Rony et al.,
2023).

Solution: Using synthetic fuel from renewable electricity and
capturing carbon dioxide (Eze Ekechukwu et al., 2024).

Impact: Airbus is working on a revolutionary project that captures
CO2 emissions from power plants and industrial facilities. This captured
CO2 is then converted into electrofuels-clean, synthetic fuels that can be
used by ships. This technology has the potential to significantly reduce
emissions from the shipping sector (Murphy, 2024; Oke et al., 2024).

2 E-fuels for Cleaner Aviation:

Challenge: Long-haul flights use mostly fossil fuel-driven jets which
increases greenhouse gas emissions during combustion. The battery
technology, despite its advancement, has insufficient energy density to
propel aircraft for the long journey while biofuel (an alternative fuel)
has limited available sustainable biomass. Large-scale cultivation of
biofuel could compete with food production and lead to deforestation,
undermining the sustainability option (Cardone et al., 2023; Amhamed
et al., 2024).

Solution: Creation of synthetic fuels from renewable electricity to
drive electric or hybrid aircraft to decarbonize aviation and achieve net-
zero emissions with high density and drop-in-compatibility infrastruc-
ture similar to conventional jets (Watson et al., 2024).

Impact: Air travel is another significant contributor to greenhouse
gas emissions. Sunfire is a company that utilizes captured CO2 and
renewable electricity to produce synthetic fuels for airplanes. These e-
fuels (electrofuels) can be used in existing aircraft engines, reducing
reliance on traditional jet fuel and lowering the aviation industry’s
carbon footprint (Seymour et al., 2024).

5.3. Lessons learned and best practices for scaling up CO2 conversion
technologies

5.3.1. Lessons learned from scaling CO2 conversion technologies

• Lab to Life Gap: Promising lab results often underestimate the
challenges of large-scale implementation. Be prepared for unex-
pected engineering hurdles, especially the discrepancies between the
controlled experimental conditions and complexities of real-world
operations.

• Cost Matters: Early adopters may pay a premium but focus on
driving down costs to achieve widespread adoption. This is due to
high research and developmental costs, limited economies of scale
(market penetration), and technological immaturity. It is also
important to recognize that policy support from the government and
securing stable, and affordable raw materials reduces the cost.

• Energy consumption: Some technologies require significant energy
input. This is because different CO2 technologies require different
energy requirements. Understanding the energy profile of each
technology is critical to its optimization of energy utility and effi-
ciency. Prioritize renewable energy integration like solar, wind, and
hydropower to maintain sustainability. To ensure a consistent energy
supply for CO2 conversion, especially in regions with intermittent
renewable energy sources, energy storage technologies like batteries
or hydrogen storage can play a vital role. This helps bridge the gap

between renewable energy generation and energy demand for the
conversion process.

• Feedstock Focus: Consider the source of CO2 Capturing emissions
from industrial sources is easier than extracting from dilute air
because they have higher concentrations of CO2, established in-
frastructures, and are economically viable. The implication is that
scaling has lower costs, proven technologies, and faster deployment.

• Product Pitfalls: There is the need to carefully assess the market
demand and environmental impact of the converted product. The
market demand must be understood especially the market growth
and size of the converted product. This has to be compared with the
competitive landscape of existing products, their market share, and
their pricing strategies with the potential of discovering their po-
tential market gaps and opportunities. Conducting market research
to determine customers’ preferences and perceptions towards sus-
tainability and willingness to pay a premium fee for eco-friendly
products will provide a value sight.

• Policy Push: Government incentives and regulations can accelerate
adoption and create a stable market by offering tax credits, grants,
and subsidies. These financial incentives reduce upfront costs and
risk, encouraging companies to develop and deploy new technolo-
gies. They can also provide loan guarantees which can lower the cost
of capital for CO2 conversion projects, making themmore financially
attractive. The government can further provide regulatory frame-
works to create a level playing field by creating carbon pricing and
clear performance standards which create market value and push the
boundaries of innovations for CO2 emissions. Finally, the govern-
ment should provide a stable environmental policy in terms of long-
term commitment, and aligning policies across different levels of
government (federal, state, local) can streamline the permitting and
regulatory processes, reducing project timelines and costs for
example The Inflation Reduction Act of 2022 given by the United
States provide substantial tax credits for carbon capture, utilization,
and storage (CCUS) projects, as well as for clean hydrogen produc-
tion (Lin and Xu, 2024).

• Lifecycle Analysis: Consider the entire lifecycle of the technology,
including energy use, material sourcing, and potential environ-
mental risks. Conducting comprehensive LCAs for CO2 conversion
technologies is complex and requires data-intensive assessments.
Challenges include data availability, methodological uncertainties,
and the dynamic nature of the technologies. Despite these chal-
lenges, LCA offers valuable insights for improving the environmental
performance of CO2 conversion technologies. By identifying hotspots
and areas for improvement, researchers and industry can develop
more sustainable solutions. Additionally, LCA can help inform policy
decisions and support the transition to a low-carbon future.

• Public Perception: Engage with communities and address concerns
about safety and potential environmental consequences. There is
need for early and continuous Engagement to build trust. You must
engage in active listening: Understand local concerns, values, and
priorities. There is need for shared decision-making: Involve the
community in the decision-making process whenever possible. Be
ready to address Safety Concerns: This involves risk assessment,
emergency preparedness and being transparency: Be open about
potential risks and mitigation measures. There is also skill to Miti-
gating Environmental concerns which involves life cycle analysis and
sustainable practices as well as biodiversity conservation: Develop
strategies to protect local ecosystems. Finally, education and
awareness: through the use simple and understandable language to
explain the technology.

Offering educational programs for the community and highlight the
potential economic and environmental benefits.

• Collaboration is Key: Breakthroughs often come from interdisci-
plinary teams and partnerships between researchers, engineers, and
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industry. Researchers bring complementary skills through knowl-
edge sharing to overcome the complex problems of converting CO2 to
valuable products require expertise in chemistry, material science,
process design, and engineering to tackle the multifaceted problems.
This will also include pooling resources in terms of funding, facilities,
and equipment, to amplify the impact of the research efforts and
accelerate the time to the market by efficient development of the
process and industry alignment. They can also build a strong
ecosystem of knowledge transfer and policy influence on CO2
conversion.

5.3.2. Best practices for scaling CO2 conversion technologies

• Modular Design: Break down the technology into smaller, repli-
cable units for easier construction and deployment. The CO2 con-
version technologies have to be divided into standard, independent
modules that can be produced, assembled, and operated separately.
Mass production of the standard modules leads to cost efficiency in
economies of scale. This makes it easier for replacement, upgrading,
or reconfiguring to adapt to changing technologies or conditions and
prevent risks.

• Life Cycle Optimization: Optimize for energy efficiency, minimize
waste generation, and choose sustainable materials. The optimiza-
tion of energy efficiency includes process optimization by identifying
and eliminating the energy-intensive steps in the CO2 process con-
version. It is energy recovery by the reuse and capture of waste heat
as well as the use of renewable energy integration to avoid carbon
footprint. The waste minimization involves the process design to
generate minimal waste products, convert the waste streams to
valuable products or energy sources, and implement the loop system
to recycle the materials and reduce waste disposal. The sustainability
of the process involves the evaluation of the environmental impact of
materials used in the conversion process which prioritize materials
with low carbon footprints. Incorporate recycled materials whenever
possible. It is crucial to conduct thorough environmental impact
assessments to identify potential risks and mitigation strategies and
evaluate the economic viability of life cycle optimization measures,
considering costs and benefits.

• Standardization: Develop industry standards for performance,
safety, and data collection to facilitate wider adoption. The perfor-
mance metrics are required for standardization by establishing clear
and consistent metrics to measure the efficiency, productivity, and
overall performance of CO2 conversion systems. These parameters
include conversion rates, product yield, energy consumption, and
carbon capture efficiency. Create tools to compare different tech-
nologies’ performance and identify improvement areas. This will
help drive innovation and optimize system designs. As part of safety
standards, it is important to establish comprehensive safety guide-
lines for the handling, transportation, and conversion of CO2 and for
the operation and maintenance of CO2 conversion facilities. Imple-
ment risk assessment procedures and ensure operator’s training and
certifications. It is also important to define standards for collection,
sharing, promoting, management and analyzing of data. This will
facilitate the development of technology, boost of investors’ confi-
dence, integrated into various applications, expand market oppor-
tunities improved environmental performance, and enhance public
acceptance.

• Life Cycle Assessment: Conduct thorough Life Cycle Assessments to
identify areas for improvement and communicate environmental
benefits.

The LCA should cover the entire lifecycle of the technology, from raw
material extraction to product end-of-life. Accurate and reliable data is
essential for accurate results. Data should be sourced from credible and
peer-reviewed studies. Choose appropriate impact assessment methods
that align with the goals of the LCA. Common methods include CML-IA,

ReCiPe, and EDIP. Assess the impact of uncertainties in data and as-
sumptions on the LCA results. Compare the LCA results of different CO2
conversion technologies to identify the most environmentally beneficial
options. Identifying Areas for Improvement such as stages in the process
with high energy consumption and exploring opportunities for energy
efficiency improvements, minimizing the use of non-renewable re-
sources and identifying opportunities for material recycling or reuse,
reducing waste generation through process optimization and exploring
opportunities for waste valorization and focus on reducing negative
environmental impacts, such as greenhouse gas emissions, water con-
sumption, and land use.

• Open Innovation: Encourage open-source collaboration and
knowledge sharing to accelerate technological advancements. Create
platforms and communities where researchers, industry experts, and
policymakers can exchange ideas, share data, and collaborate on
projects. Implement reward systems or grants for researchers and
companies that openly share their findings and innovations. Estab-
lish clear IP guidelines to encourage innovation while safeguarding
proprietary information. Consider open-sourcing non-core technol-
ogies to promote wider adoption. Utilize existing open-source tools
and software to accelerate development and reduce costs.

• Pilot Projects: Demonstrate the technology’s viability through well-
designed pilot projects that gather real-world data. Choose a tech-
nology aligned with specific CO2 sources and desired product out-
puts. Consider factors like CO2 availability, infrastructure, and
regulatory environment. Develop a comprehensive plan addressing
feedstock, process parameters, product characterization, and envi-
ronmental impact assessment. Implement robust monitoring and
data management systems to capture critical performance indicators.
Engage with stakeholders, including industry experts, policymakers,
and local communities. Continuously analyze the project’s potential
for scaling, identifying bottlenecks and optimization opportunities.

• Cost Reduction Strategies: Identify areas for cost reduction
throughout the supply chain and explore innovative financing
models. This involves 3 main methods-

1) Process Optimization by optimizing energy consumption in the
conversion process through advanced process control, heat integra-
tion, and energy recovery systems, investing in research and devel-
opment to create more efficient and durable catalysts, reducing
replacement costs, and improving conversion rates as well as opti-
mizing reactor design for maximum efficiency and product yield,
minimizing energy input and raw material consumption. 2) Supply
Chain Optimization by exploring low-cost CO2 capture technologies
and sources, such as industrial emissions or direct air capture with
reduced energy requirements, securing stable and cost-effective
supply chains for additional raw materials required in the conver-
sion process, optimizing transportation logistics to minimize costs
and emissions, considering factors like proximity of CO2 sources and
product markets. 3) Product Development and Market Expansion by
developing a range of high-value products to increase revenue and
reduce reliance on a single market. Identify and target high-growth
markets with strong demand for CO2-derived products. Improve
product quality and performance to enhance market competitive-
ness. Innovative Financing Models should be employed which
include: Collaboration with governments, research institutions, and
private investors to share risks and costs. Utilization of carbon
markets to generate additional revenue by selling carbon credits
associated with CO2 conversion projects. Technology Licensing and
Royalty Agreements with other companies to generate revenue and
accelerate market penetration. Attract (Placeholder2) investment
from venture capital firms and impact investors focused on sustain-
able technologies. Leverage tax credits, grants, and subsidies offered
by governments to support CO2 conversion projects.
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6. Challenges and future directions

Investigating CO2 capture and conversion technologies has
intriguing prospects for turning greenhouse gas emissions into profitable
resources. Such technologies mark a turning point in sustainability,
generating revenue while mitigating environmental effects. Neverthe-
less, significant technological, regulatory, social, and economic hurdles
must be overcome to reach the full potential of CO2 mitigation tech-
nologies. This section delves further into these challenges and provides
future directions for study, development, and policy. By addressing
these issues, the shift to a circular carbon economy may be promoted by
encouraging innovation. As a result, this broad strategy benefits the
environment and promotes global sustainable development objectives
(SDGs).

6.1. Technical challenges: efficiency, scalability, cost-effectiveness

Significant technical challenges impede the efficiency, scalability,
and cost-effectiveness of CO2 capture and conversion technologies,
hindering their broader implementation.

6.1.1. Efficiency
A diverse array of carbon capture and conversion technologies are

available. Fig. 14 shows an overview of these distinct approaches,
emphasizing their varied paths and interactions. The energy-intensive
nature of these processes is one of the most pressing issues. In fact, the
many required energy-intensive phases, such as compression, trans-
portation, and storage, add to the total energy and cost burden (Bui
et al., 2018). For instance, amine-based absorption, despite being one of
the most established capture technologies, requires high energy input
due to the endothermic nature of solvent regeneration and the degra-
dation of amines over numerous cycles, leading not only to lower cap-
ture efficiency over time but also to increase operational costs due to
solvent degradation, replacement, and disposal (Li et al., 2013). More-
over, converting captured CO2 into value-added products such as hy-
drocarbons, chemicals, or polymers poses its own set of efficiency issues.
Catalytic reactions, which are critical to CO2 conversion, often require

severe reaction conditions (e.g., high pressures and temperatures) and
rely on expensive and scarce catalysts, such as noble metals (Kanjilal
et al., 2020).

Similarly, the energy-intensive process of mixing and maintaining
optimal conditions for algae growth depletes the total CO2 balance in the
case of biological conversion processes (Goli et al., 2016). Thereby,
defeating the aim of CO2 mitigation. Along with that, environmental
constraints such as temperature fluctuations, light intensity, and haz-
ardous gases presence such as nitrogen and sulfur impede these bio-
logical processes’ scalability (Lam et al., 2012). To address these issues,
several sophisticated CO2 capture systems have been investigated,
including adsorption using solid materials such as activated carbon and
metal-organic frameworks (MOFs), cryogenic separation, and chemical
looping (Kanjilal et al., 2020). However, these technologies also face
significant hurdles. For instance, adsorption processes are limited by low
CO2 selectivity, moisture sensitivity, and adsorbent regeneration, which
decrease their efficiency and increase operational costs (Bamdad et al.,
2018). Cryogenic techniques can provide high CO2 recovery and purity,
but it poses significant obstacles due to the energy-intensive cooling
process and the need for sophisticated cryogenic storage systems
(Tuinier et al., 2010). Additionally, Impurities in the CO2 stream, such as
water and sulfur compounds, can further complicate cryogenic separa-
tion and raise operating costs (Kanjilal et al., 2020). Meanwhile, to
enhance oxidation and reduction processes, chemical looping involves
using solid oxygen carriers, usually transition metal oxides (Solunke and
Veser, 2011). Despite its promise, it stills in its early stages due to
ongoing major roadblocks like insufficient oxygen supply and sulfur
contamination (Kanjilal et al., 2020).

6.1.2. Scalability
Scalability is another major challenge for CO2 capture and conver-

sion methods. The major constraint lies in bridging the gap between
laboratory-scale success and industrial-scale efficiency. In research,
there is often a tendency to idealize and overestimate the performances
of new and innovative technologies, making unrealistically confident
promises about scalability. However, without thorough valuation of
potential limitations, these promises would fall by the wayside on the

Fig. 14. A broad depiction of the various technologies and processes involved in carbon capture, conversion, sequestration, and reuse aimed at achieving net-zero or
negative emissions (Deutch, 2016).
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industrial scale (Chkirida et al., 2022).
Implementing large-scale CO2 capture infrastructure, such as capture

units, transportation systems, and storage or usage facilities, requires a
substantial capital investment (Kanjilal et al., 2020). Scaling-up cryo-
genic capture technologies, for example, requires complicated and
energy-intensive cooling energy systems that may not be practicable at a
wider scale (Kanjilal et al., 2020). Likewise, membrane separation
methods, although straightforward and environmentally friendly, are
subject to fouling and wetting, quire multistage flux recycling to enable
effective removal at higher sizes, complicating their expansion
(Sreedhar et al., 2017).

Furthermore, the integration of CO2 capture technology into current
industrial processes, such as chemical manufacturing, cement manu-
facture, or power generation, necessitates considerable facility upgrad-
ing. These retrofitting efforts must guarantee that CO2 capture
technologies are integrated without interrupting current operations,
which add complexity and cost to scaling (Koytsoumpa et al., 2016).

Technologies for CO2 conversion have similarly difficult scaling is-
sues. Industrial-scale CO2 conversion into fuels and chemicals, such as
methanol or synthetic fuels, requires not only the availability of CO2
feedstocks but also consistent product quality across all sizes (Kanjilal
et al., 2020). The economic incentives to scale these conversion tech-
nologies remain restricted in the absence of a clear market demand and a
reliable infrastructure for feedstock supply and product delivery
(Koytsoumpa et al., 2016). As a prime example, industrial-scale meth-
anol synthesis from CO2 and hydrogen has demonstrated promising
conversion efficiencies surpassing 60%. Nonetheless, the process is
heavily energy-consuming, requiring 0.15 MWhe of electricity per ton of
methanol produced, for a total electrical energy consumption of 9.89
MWhe per ton (Buddenberg et al., 2016). Subsequently, widespread
adoption of such methods is challenging since their economic feasibility
is heavily reliant on market conditions, such as changing regulatory
regimes andmethanol pricing (Koytsoumpa et al., 2016). Furthermore, a
lack of infrastructure for hydrogen generation, storage, and trans-
portation significantly limits the scalability of CO2 usage methods
(Koytsoumpa et al., 2018). The integration of renewable energy sources,
such as wind and solar, into these processes could enhance their sus-
tainability, but the intermittency and reliability of these energy sources
pose additional technical challenges.

6.1.3. Cost-effectiveness
Arguably, the biggest obstacle to the broad adoption of CO2 capture

and conversion technology is their cost-effectiveness. When compared to
the pricing of fossil-fuel-derived products, the economic viability of CO2
conversion technologies is seriously questioned. For instance, it is
currently more costly to produce synthetic fuels from CO2 using Fischer-
Tropsch synthesis or electrochemical reduction than refining fossil fuels
using conventional approaches (Fasihi et al., 2019). In fact, Direct air
capture (DAC) costs have been frequently estimated in the literature,
spanning $20 to $1000 per ton of CO2 (Ozkan, 2024b). Though they
indicate that initial expenses for pioneering facilities might be as high as
$600–$1000 per ton, S. Fuss (Fuss et al., 2018) narrow this range to
$100–$300 per ton of CO2. The cost gap is mostly due to the demanding
energy needs and the cost of electricity or catalysts used in the con-
version processes. Further economic difficulties are brought on by the
availability and price instability of hydrogen, a crucial component in
many CO2 conversion processes. Addressing these difficulties will need
ongoing advances in materials science, process engineering, and energy
optimization, as well as supporting regulatory frameworks that
encourage the development and deployment of new technologies.

6.2. Regulatory and policy barriers: Carbon pricing, incentives for CO2
utilization

The regulatory landscape for CO2 capture and conversion technolo-
gies, like many other technological innovations is complicated due to

major regulatory and policy barriers. These policies are often inconsis-
tent across regions, posing substantial impediments to a wider adoption
despite the CO2 significant technological advancements (Cabrera et al.,
2022). The low commercial of success of these techniques is mostly due
the lack of a comprehensive and unified regulatory framework tailored
to meet the demands of CO2 capture and conversion. In fact, the majority
of current policies predominantly address emissions reduction and car-
bon price, without adequately taking into account the complexities
involved in CO2 capture and conversion processes or the safe use of
CO2-derived products. For stakeholders, this regulatory gap creates a
great deal of ambiguity, discouraging investment and restricting the rate
of innovation in this industry (Olfe-Krä et al., 2021). The policy barriers
are divided into three main groups: early development support, in-
centives, and guidance for deployment and market regulation. Govern-
ments and funding agencies frequently handle technological innovation
via "technology-push" or "market-pull" techniques (Horbach et al.,
2012).

Technology-push policies aim to promote technology advancement by
providing funds and other forms of incentives to support research,
demonstration projects, and early-stage implementation (Olfe-Krä et al.,
2021). These policies have been critical in accelerating the development
of CO2 mineralization technology. As an example, Canada’s Boundary
Dam Carbon Capture Project benefited from government backing as part
of Canada’s implementation of international climate agreements
(Stéphenne, 2014). Early-stage assistance is crucial, as demonstrated by
the project’s successful integration of carbon capture with a coal-fired
power station. However, this also underlines the challenges of high
costs and the necessity for important legislative backing to permit
scaling-up.

On 2the other hand, market-pull policies seek to generate or expand
market demand for products or servi2ces. These comprise market-based
instruments (MBIs) like Emissions Trading Schemes (ETS), tax cr2edits,
and subsidies, as well as command-and-control (CAC) measures that
enforce regulatory instrum2ents and performance mandates with pen-
alties for noncompliance (Olfe- Krä et al., 2021). Fig. 15 depicts the
various c2arbon pricing established across regions and nations via taxes
or cap-and-trade systems. This graph she2ds light on the present range of
carbon pricing, demonstrating that the majority of rates are less than
$2225 per ton of CO2. This variant emphasizes the difficulty of creating
strong enough incentives to result in significant emissions reductions
and the necessity of well-crafted market-based policies to drive demand
for low-carbon products and technology successfully (Gür, 2022). The
Climeworks Direct Air Capture project in Switzerland is an excellent
illustration of how European climate policies, such as those linked with
the EU Green Deal, have assisted in developing and implementing
innovative carbon-reduction solutions (Sovacool et al., 2022). Despite
the present high energy and cost needs of direct air capture technology,
Switzerland’s supportive governmental climate has enabled Climeworks
to pioneer it.

Moving forward, there is an urgent need for policy intervention that
should be dependable and continuous, guaranteeing an assessment of
potential benefits to society and the environment, and supporting the
sustainability of CO2 mineralization technologies. Additionally, it is
worthwhile to establish clear guidelines for the lifecycle assessment of
CO2-derived products, ensuring that they deliver net en2vironmental
benefits, without contributing to other forms of pollution or resource
depletion.

6.3. Public perception and acceptance: Environemental impact, safety
concerns

The effective implementation of carbon capt22ure/conversion and
utilization technology is contingent upon the perception and acceptance
of the public. New energy solutions frequently encounter skepticism or
outright rejection from the public2, despite these technologies’ potential
advantages. This covers a wide range of sustainable and renewabl22e
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energy solutions, not only CO2 technologies (Nielsen et al., 2022).
Public acceptance is influenced by a complex interplay of factors, yet

there is no comprehensive psychological model that fully explains
technology acceptance. To better explain public perception, attempts
have been made by integrating many psychological theories, such as the
theory of affect, of planned behavior, and of norm activation (L’ et al.,
2014). One such attempt is the framework developed by N. Huijts
(Huijts et al., 2012). These perceptions are shaped by factors involving
stakeholder trust, perceived potential hazards and benefits, and
knowledge of the CO2 technologies. Still, the general public’s knowledge
about these technologies remains low, affecting acceptance through
misconceptions (L’ et al., 2014). Knowledge plays an essential role in
molding public view, as it greatly affects people’s assessment of CO2
technology and spans from mere awareness to both subjective and
objective knowledge. Based on this framework, educational initiatives
emphasizing the science underpinning CO2 conversion and its potential
to alleviate climate change can help shift public perception. Increased
acceptability may also be fostered by including communities in
decision-making processes and making sure that CO2 use initiatives
complement regional economic and environmental objectives. Future
research should concentrate on understanding public perceptions to-
ward CO2-derived products and finding solutions to address concerns via
transparent and inclusive engagement (Witte, 2021).

Given that people often rely on familiar concepts as reference points,
comparisons to other technologies, such as fossil fuel extraction, are
likely to impact people’s perceptions. Additionally, public perceptions
can be influenced by tangible encounters with related technologies,
although direct experience with CO2 capture and conversion is limited
(L’ et al., 2014). Another vital indicator of technological acceptance is
stakeholder trust. In cases when information is lacking, people
frequently rely on the credibility of promoters or opponents to deter-
mine if a technology is acceptable. In fact, transparent communication
about the benefits and risks associated with CO2 conversion are neces-
sary to build public trust and support. Also, acceptance is highly influ-
enced by the notion of distributive and procedural justice. The
appropriate adoption of a technology, including the distribution of costs,
risks, and benefits, can have a significant impact on public support
(Witte, 2021). Attitude development is also influenced by emotional

reactions to a technology. In fact, emotions, both good and bad, play
different roles in how people see and accept things (Nielsen et al., 2022).
Perceived dangers, such as those related to money, health, or safety, can
also be obstacles to acceptance. The NIMBY (Not in My Backyard) effect
(Arning et al., 2019), also diminishes the technology acceptability
especially when people are directly impacted by it, such as living close to
CO2 capture/conversion facilities. While early research on CO2 research
reveals a generally positive impression of the technology, inquiries
remain, notably about its long-term usefulness as a climate change
mitigation strategy. Although the technology’s long-term sustainability
is still questioned, environmental advantages including reduced CO2
emissions and the saving of fossil fuels are acknowledged.

6.4. Research and development priorities: improving conversion
efficiency, exploring novel applications

Continuous research and development (R&D) activities are required
to address the technological and socioeconomic concerns raised. One of
the top priorities is creating next-generation catalysts and processes that
operate well in mild environments while significantly reducing the en-
ergy requirements and expenses related to CO2 conversion. Addition-
ally, investigating novel applications for CO2-derived products, such as
in sustainable building materials and advanced polymers, may broaden
the market and improve the economic viability of these technologies
(Muthuraj and Mekonnen, 2018). The combination of high-efficiency
materials with advanced computational methods seems a handy
approach to lower prices and reducing energy consumption. Beyond
merely improving the efficiency of materials and catalysts,
engineering-level computation-based innovation provides a significant
pathway to increasing the feasibility of large-scale CO2 capture and
conversion (Jerng et al., 2024). To establish a cost-effective CO2 value
chain, it is critical to evaluate the entire system holistically. Enhance-
ments must involve the integration of upstream capture, logistics, and
downstream conversion rather than concentrating solely on CO2 capture
and conversion. This calls for a cooperative strategy that shares and
integrates computational data, both large and small, throughout the
value chain. In fact, given the early stage of CO2 utilization technologies,
where pilot and demonstration plants are limited, computational

Fig. 15. Gl2obal carbon pricing initiatives, including carbon taxes and emissions trading schemes (ETS) or cap-2and-trade systems, show the implemented carbon
prices. The vertical axis represents values in US2 dollars per ton of CO2 equivalent (US$/tCO2e). Reprinted with permission from 22Elsevier (Gür, 2022).
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strategies and instruments will be critical in speeding up the discovery,
development, and deployment of materials and processes (Yuan et al.,
2016). Another key priority is ensuring that the selection of materials for
the CO2 value chain emphasizes selectivity, stability, capacity, and im-
purity tolerance. Materials that excel in one feature but lack in others
may be unsatisfactory for large-scale adoption. While current material
discovery techniques often fail to identify materials with all of the
intended target attributes, integrating experimental and computational
screening at the microscale with system-level assessment is much
needed for the discovery process (Yuan et al., 2016). Advances in
computer science, mathematics, and high-throughput computational
methodologies can facilitate the integration of macroscopic perfor-
mance evaluation and microscopic screening within in silico hierarchi-
cal computational frameworks (First and Hasan, 2014). Nevertheless,
experimental screening is still necessary to validate the discovered
materials. Last but not least, research in materials science is of vital
importance to come up with novel materials, including dual-function
materials (DFMs), in order to overcome the drawbacks of current and
conventional carbon capture and sequestration materials (Alami et al.,
2020). Dual-function materials (DFMs) have emerged as a more plau-
sible solution combining catalytic and adsorbent elements for CO2
capture and conversion into value-added products in a single process
(Omodolor et al., 2020). Typically, the adsorbent is made of alkali metal
oxides or carbonates, which absorb CO2 straight from flue gas. Using the
catalytic component, captured CO2 is converted into valuable products
like hydrocarbons and chemicals. DFMs also efficiently concentrate CO2
from dilute streams, thereby removing the need for standard procedures
such as transportation and storage (Melo Bravo and Debecker, 2019).

6.5. Future outlook and potential for a circular carbon economy

A circular carbon economy, where CO2 is continuously recycled and
reused, holds immense potential in the future. To make this vision a
reality, many key requirements and indications for creating and
executing a reliable and optimum large-scale CO2 value chain must be
addressed.

• The process of CO2 capture and conversion should be efficient
enough to extract at least 90% of the gas from stationary sources
while consuming the least amount of energy and power. Further-
more, the CO2-derived products’ energy content needs to be higher
than the energy needed to produce them. Hence, the overall CO2
value chain should ensure that the amount of CO2 emitted is less than
the total amount converted, enhancing the sustainability of the
process (Yuan et al., 2016).

• The methods for CO2 conversion and capture must exhibit both
process flexibility and operational ease for a straightforward man-
agement. In addition, the CO2 conversion process should be flexible
enough to adjust to the variations in market demand and allow the
production of multiple products, all while maintaining low capital
costs and minimal environmental impacts (Yuan et al., 2016).

• Materials for CO2 capture should be highly selective and productive,
operate with minimal energy demands, maintain long-term stability,
and demonstrate strong tolerance to contaminants and impurities.
These materials synthesis and production processes need also to be
scalable, economical, and environmentally benign to meet the de-
mands of CO2 capture and conversion technologies (Zanatta, 2023).

• Multidisciplinary efforts and coordinated approaches, encompassing
basic scientific research, materials science, engineering innovations,
policy-making, and environmental considerations across various
scales and timeframes are worthwhile for the successful development
and deployment of CO2 capture and conversion technologies.

• The CO2 conversion and capture systems have to be scalable and
robust enough to maintain high performances even under changing
circumstances. These systems should also be designed with scal-
ability in mind, allowing for a seamless transition from pilot projects

to full-scale industrial applications without compromising efficiency
or raising costs (Dziejarski et al., 2023b).

• Comprehensive CO2 capture studies should be conducted under
conditions resembling industrial flue gas environments, such as high
temperatures, low pressure, and changing moisture content. A vari-
ety of material configurations should be used in these tests to prop-
erly imitate and confirm performance in real-world applications.

• As much as CO2 capture and conversion seems like a sustainable
technique that fits the circular economy, it is crucial to make sure
that the entire process is sustainable. Materials preparation, carbon
capture technologies, and conversion processes being the specific
instances. The overall environmental eco-friendliness of the valori-
zation process, however, may be jeopardized in some cases of the
overall process since it may make use of hazardous chemicals or need
large energy inputs (Dziejarski et al., 2023b). Rigorous environ-
mental impact assessments (EIA) and long-term monitoring are
essential to ensure that these technologies provide net environmental
benefits.

• Thorough guidelines and standardized protocols for CO2 capture
materials should be created, considering the most optimal possible
process conditions in terms of temperature, pressure, gas concen-
tration, and goal CO2 purity. These protocols should also handle
specific application circumstances, such as pre-combustion, post-
combustion, and oxy-fuel combustion, as well as define textural
property and overall performance standards (Dziejarski et al.,
2023b).

• Environmental stewardship and social responsibility concepts should
guide the development and implementation of CO2 capture tech-
nology. This entails making certain that these technologies benefit
communities and ecosystems without bringing out new environ-
mental or social problems, such as pollution or resources depletion.

By addressing these critical factors, CO2 can be transformed from a
waste product into a valuable resource, driving sustainable development
and significantly reducing the anthropogenic carbon footprint.

7. Conclusion

The review highlights several key findings and insights, emphasizing
the potential of advanced technologies in transforming CO2 from a
detrimental greenhouse gas into a valuable resource. These technolog-
ical advancements offer significant implications for climate change
mitigation by reducing atmospheric CO2 levels and promoting the
development of sustainable energy sources. Furthermore, they present
lucrative opportunities for wealth generation, turning environmental
challenges into economic benefits. To capitalize on these opportunities,
a collaborative approach is essential. Researchers, industry leaders,
policymakers, and stakeholders must work together to accelerate the
adoption of CO2 conversion technologies. This collaboration should
focus on scaling up research, optimizing industrial applications, and
creating supportive policy frameworks that incentivize innovation and
investment in this field. Public-private partnerships and international
cooperation can also play a pivotal role in overcoming technical and
economic barriers, ensuring a smooth transition from CO2 waste to
wealth. In conclusion, harnessing CO2 for a sustainable future holds
transformative potential. By converting CO2 into valuable products, we
can address climate change, enhance energy security, and stimulate
economic growth. This dual benefit underscores the importance of
continued research and innovation. As wemove forward, it is imperative
to foster an environment that encourages collaboration and investment
in CO2 conversion technologies, paving the way for a greener and more
prosperous future.
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