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Abstract 

Carbon dioxide (CO₂), the primary anthropogenic greenhouse gas, drives significant and potentially 
irreversible impacts on ecosystems, biodiversity, and human health. Achieving the Paris Agreement 
target of limiting global warming to well below 2 °C ideally 1.5 °C requires rapid and substantial 
global emission reductions. While recent decades have seen advances in clean energy technologies, 
carbon capture, utilization, and storage (CCUS) remain essential for deep decarbonization. Despite 
proven technical readiness, large-scale carbon capture and storage (CCS) deployment has lagged 
initial targets. This review evaluates CCS technologies and their contributions to net-zero objectives, 
with emphasis on sector-specific applications. We found that, in the iron and steel industry, post-
combustion CCS and oxy-combustion demonstrate potential to achieve the highest CO₂ capture 
efficiencies, whereas cement decarbonization is best supported by oxy-fuel combustion, calcium 
looping, and emerging direct capture methods. For petrochemical and refining operations, oxy-
combustion, post-combustion, and chemical looping offer effective process integration and energy 
efficiency gains. Direct air capture (DAC) stands out for its siting flexibility, low land-use conflict, 
and ability to remove atmospheric CO₂, but it’s hindered by high costs (~$100–$1,000 /t CO₂). 
Conversely, post-combustion capture is more cost-effective (~$47–$76 /t CO₂) and compatible with 
existing infrastructure. CCUS could deliver ~8% of required emission reductions for net-zero by 2050, 
equivalent to ~6 Gt CO₂ annually. Scaling deployment will require overcoming challenges through 
material innovations aided by artificial intelligence (AI) and machine learning, improving capture 
efficiency, integrating CCS with renewable hybrid systems, and establishing strong, coordinated 
policy frameworks. 

Keywords: carbon capture technologies; net zero emissions; decarbonization; low carbon energy; 
artificial intelligence; climate change mitigation 
 

1. Introduction 

The growing global population continuously drives higher energy demand and consumption. 
The 2024 Statistical Review of World Energy by the Energy Institute showed in Figure [1] indicates 
that fossil fuels including coal, oil, and natural gas still dominate energy production and use 
worldwide. Global consumption of fossil fuels hit a new peak of 505 exajoules (EJ), increasing by 
1.5%, with coal rising by 1.6%, oil growing by 2% surpassing 100 million barrels per day for the first 
time, while natural gas consumption remained steady. Fossil fuels accounted for 81.5% of total 
primary energy supply, a slight decline from 81.9% in the previous year. Meanwhile, energy-related 
emissions grew by 2%, surpassing 40 gigatonnes of CO₂ for the first time. CO₂, a principal greenhouse 
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gas mainly emitted from burning fossil fuels, has increased sixfold since 1950 due to human activities 
[2]. 

 
Figure 1. The Energy Institute’s 2024 Statistical Review of World Energy global energy consumption [1]. 

The continuous burning of fossil fuels has led to significant increases in CO₂ emissions in the 
atmosphere, as illustrated in Figure 2. Elevated CO₂ concentrations contribute to serious 
environmental issues, including global warming, acid rain, degradation of ecosystems, and 
deforestation. According to projections by the Intergovernmental Panel on Climate Change (IPCC), 
if greenhouse gas emissions such as CO₂ are not actively reduced, the average global surface 
temperature could rise between 1.8 °C and 4.0 °C this century, potentially reaching as high as 6.4 °C 
under the most severe scenario [3]. 

 
Figure 2. World’s carbon emissions 2021 [4]. 
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Climate change represents one of the most significant anthropogenic threats faced globally, 
profoundly impacting political, social, and economic systems. The challenges posed are multifaceted 
and severe, involving substantial risks, economic uncertainties, contested scientific findings, complex 
governance issues, and profound psychological and societal effects. These impacts extend beyond 
environmental domains, influencing various interconnected sectors. Effective public health strategies 
and policy interventions are essential to address current and future pollution and climate-related 
challenges. The critical question remains whether responses should prioritize mitigation by reducing 
carbon emissions from economic activities or adaptation to the inevitable consequences of climate 
change [5]. 

The influence of climate change on meteorological patterns and environmental phenomena is 
extensively documented [5]. It disrupts established climate regimes, leading to more frequent and 
intense extreme weather events, such as heatwaves, rising sea levels, altered precipitation cycles, cold 
spells, heavy rainfall, floods, storms, droughts, snowstorms, tropical cyclones and changes in oceanic 
patterns including sea level rise and freshwater inflows [6,7]. These extreme events produce severe, 
interconnected consequences, contributing to increased mortality, injuries, and outbreaks of 
infectious diseases [5]. Climate change impacts manifest both directly, through events like heatwaves 
and storms, and indirectly, via ecosystem alterations that reduce agricultural productivity, exacerbate 
food insecurity and malnutrition, degrade air quality, and modify disease transmission patterns. 
Socioeconomic repercussions include population displacement, migration, mental health disorders, 
and conflicts [8]. Additional consequences include rising ocean temperatures and acidification, 
pollution of air and water resources, and increased incidence of wildfires [9]. 

Robust scientific evidence attributes numerous changes in the Earth’s climate system to human-
induced greenhouse gas (GHG) emissions. Since the onset of the Industrial Revolution in 1760, 
atmospheric GHG concentrations have steadily increased, primarily due to fossil fuel combustion, 
industrial activities, deforestation, and agriculture [10]. Elevated levels of CO₂ and other GHGs have 
already triggered higher global temperatures, intensified floods and droughts, and increased the 
frequency and severity of tornadoes and tropical storms. If the persistent rise in atmospheric CO₂ is 
not curtailed, it risks crossing critical thresholds leading to catastrophic events such as drastic 
changes in ocean circulation, accelerated sea-level rise, and the melting of glaciers and polar ice caps, 
with dire consequences for humanity [10]. 

Therefore, reducing CO₂ emissions alongside the implementation of carbon capture and 
sequestration technologies is essential for climate change mitigation. Such efforts can limit 
detrimental effects like sea-level rise, extreme weather events, and ecological disruptions. Moreover, 
decreasing carbon emissions improves air quality, thereby enhancing public health outcomes and 
contributing to socio-economic stability. 

Carbon capture, utilization, and storage (CCUS) encompasses the process of capturing carbon 
dioxide (CO₂) emissions from large stationary sources like power generation plants and industrial 
installations. The captured CO₂ is then transported commonly through pipelines, ships, or trucks to 
specific storage locations, where it is securely injected into deep geological formations underground, 
ensuring long-term containment and preventing atmospheric release. The fundamental concept 
behind CCS is to intercept CO₂ produced during fossil fuel combustion before atmospheric emission 
occurs. A key challenge is the management of the captured CO₂, with prevailing strategies focusing 
on deep geological injection, effectively creating a "closed carbon loop" where carbon extracted as 
fossil fuels is ultimately returned underground in gaseous form. Currently, CCS operations sequester 
approximately 45 million tonnes of CO₂ annually, equivalent to emissions from around 10 million 
passenger vehicles. Capture predominantly occurs at large, fixed emission sources such as power 
generation plants and industrial producers of cement, steel, and chemicals. Most existing CCS 
projects employ liquid solvents to chemically absorb CO₂ prior to its release from smokestacks, 
although novel capture technologies are under active development [11]. 

CCS technologies facilitate substantial reductions in gross CO₂ emissions and form a critical 
basis for carbon dioxide removal (CDR) methods. These methods enable the compensation of both 
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historic and residual emissions by achieving net removal of CO₂ from the atmosphere. Natural carbon 
sinks alone are insufficient to offset residual emissions, necessitating engineered solutions such as 
bioenergy combined with CCS (BECCS), which captures CO₂ from biomass-derived processes, and 
direct air capture (DAC) or ocean-based direct capture technologies. CDR approaches are frequently 
characterized as “negative emissions” or “climate-positive” strategies. Robust analyses of pathways 
toward net-zero emissions underscore the importance of deploying a diverse suite of technologies. 
Both CCS and CDR are integral to achieving net-zero targets, complementing other sustainable 
measures within a coordinated global decarbonization framework by mid-century [12]. 

Figure 3 presents a simplified depiction of the Carbon Capture and Storage (CCS) process, 
outlining the entire sequence of CO₂ handling from its initial release at emission points to its secure, 
long-term sequestration in subterranean geological formations. 

 

Figure 3. An overview of the CCS value chain [12]. 

The CCS process begins with the generation of CO₂ from diverse sources such as industrial 
process emissions, fossil fuel combustion, and biogenic origins like biomass. These sources constitute 
significant contributors to human-induced CO₂ emissions and are primary targets for capture within 
climate mitigation frameworks. 

CO₂ capture occurs at industrial or power generation facilities using various technologies, 
including membrane separation, chemical absorption and cryogenic techniques. The objective is to 
separate and compress CO₂ to enable efficient transportation to storage sites. Chemical absorption, 
often employing aqueous amine solvents, has been extensively used for CO₂ removal from natural 
gas and forms the basis for commercial post-combustion capture plants such as the Boundary Dam 
[13,14] and Petra Nova facilities [15,16]. Commercially available membrane technologies, like the 
Polaris membrane, have been successfully applied to CO₂ separation from syngas [17]. Additionally, 
Air Products licenses a polymeric membrane developed at the Norwegian University of Science and 
Technology (NTNU), applicable to coal-fired plants and other combustion sources [18]. 

Captured CO₂ is transported through pipelines, ships, trucks, or trains. Pipelines are the 
preferred transport mode for large-scale operations due to their cost efficiency and reliability, while 
shipping and other land transport methods are employed where pipelines are impractical or for 
smaller projects. Globally, there are over 6,500 km of CO₂ pipelines, mainly supporting CO₂-enhanced 
oil recovery (EOR) operations in the United States [19]. Ship-based CO₂ transport technologies are 
also well developed and operational in commercial settings [20]. 

The final stage involves injecting CO₂ into geological formations onshore or offshore for long-
term sequestration. Suitable storage reservoirs include depleted oil and gas fields and deep saline 
aquifers, capable of securely retaining CO₂ for millennia and preventing atmospheric release. CCS 
thus plays a crucial role in reducing emissions from sectors that are challenging to decarbonize. 
Presently, CO₂-EOR is integrated into 13 of the 17 active commercial CCS projects. Saline aquifers are 
also utilized for storage in notable projects such as Sleipner, Snohvit, and Quest. Conversely, 
enhanced gas recovery (EGR) [21] and CO₂ storage in depleted oil and gas fields have yet to be 
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demonstrated at commercial scale. Alternative storage methods, including oceanic and mineral 
storage, remain in early development phases. 

Several facilities currently utilize captured CO₂ for various industrial applications, primarily 
within the food and beverage sector, as well as in chemical manufacturing processes such as urea and 
methanol production [22]. For example, mineral carbonation is being pursued at the Searles Valley 
facility in the United States, while in Saga City, Japan, CO₂ recovered from waste incineration is 
repurposed to enhance the growth of crops and algae [23]. Most of the CO₂ used in these projects 
originates from industrial sources including fertilizer, ammonia, and ethylene glycol plants, though 
some initiatives also capture CO₂ directly from power plant flue gases [22]. 

Despite extensive research on CCS technologies, there remains a significant gap in 
comprehensive analyses that combine techno-economic assessments with sector-specific applications 
to optimize CCS deployment across diverse industries. Furthermore, challenges associated with 
integrating CCS alongside renewable energy and negative emissions technologies such as BECCS are 
underexplored, particularly regarding cost, scalability, and supportive policy frameworks. 
Additionally, more in-depth investigations are needed into real-world case studies that assess the 
long-term performance, safety, and economic viability of CCS projects across various geographic and 
industrial contexts. 

Nevertheless, CCS represents a complex but essential suite of technologies that, when effectively 
integrated, can play a pivotal role in achieving global net-zero emission targets and mitigating the 
adverse impacts of climate change. 

This manuscript presents a thorough analysis of Carbon Capture and Storage (CCS) 
technologies, emphasizing their critical contribution to global decarbonization initiatives. It reviews 
recent technological advancements spanning the entire CCS value chain, from CO₂ capture at various 
emission sources to transportation logistics and secure long-term geological storage. Through 
detailed case studies, the manuscript evaluates real-world applications, highlighting cost estimates 
and economic feasibility across different CCS technologies. It also addresses the technical, financial, 
and policy challenges limiting widespread adoption, while showcasing innovative approaches and 
emerging trends aimed at improving CCS efficiency, safety, and scalability. Additionally, the 
integration of CCS with complementary low-carbon hydrogen and renewables such as wind, solar, 
geothermal biofuel production and negative emissions technologies like bioenergy with carbon 
capture and storage (BECCS) is examined to assess CCS’s potential role in achieving net-zero 
emissions and mitigating climate change. 

This manuscript contributes to the growing body of literature on climate change mitigation by 
providing a comprehensive and interdisciplinary analysis of Carbon Capture and Storage (CCS) 
technologies, with a particular emphasis on cost evaluation, performance, and deployment 
feasibility. It systematically compares various CCS approaches, including post-combustion, pre-
combustion, oxy-fuel combustion, and direct air capture (DAC), highlighting their cost ranges, 
technological maturity, energy requirements, and integration potential. The manuscript further 
discusses the role of CCS within specific industrial sectors: post-combustion CCS and oxy-
combustion exhibit the highest CO₂ capture efficiency in the iron and steel industry, while cement 
production can be best decarbonized by oxy-fuel combustion, calcium looping and emerging direct 
capture technologies to address process-related emissions. In the petrochemical and refining sectors, 
oxy-combustion, post-combustion, and chemical looping combustion could provide effective 
pathways for process integration and improved energy efficiency, illustrating the need for tailored 
CCS applications to sector-specific decarbonization challenges. 

Through detailed case studies, the economic viability of each method is critically assessed, 
identifying post-combustion capture as a relatively cost-effective solution for retrofitting existing 
power plants, while acknowledging that DAC, despite currently higher costs, shows potential for 
cost reduction through innovation and scaling. The analysis also evaluates technical advantages and 
limitations, such as the operational complexity associated with oxy-fuel combustion and the 
infrastructural demands of pre-combustion systems. Additionally, the study explores synergies 
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between CCS and low-carbon energy systems, including renewables and negative emissions 
technologies like BECCS, offering a holistic view of CCS’s potential role within broader 
decarbonization pathways. The manuscript also outlines the technological, policy, and investment 
challenges that must be addressed to accelerate widespread CCS adoption. By integrating techno-
economic assessments with policy and system-level considerations, it provides actionable insights to 
inform strategic decision-making for large-scale CCS deployment and long-term climate policy 
development. 

2. Carbon Capture Technologies 

2.1. Pre-Combustion Capture 

Pre-combustion carbon capture primarily targets removing CO₂ from fossil or biomass fuels 
before they are combusted for energy production. This approach is commonly utilized during the 
gasification of coal, natural gas, or biomass to generate synthesis gas (syngas), as well as in natural 
gas-fired power plants [24]. In a standard pre-combustion capture process, the fuel is gasified to 
produce syngas composed primarily of hydrogen, carbon monoxide, and carbon dioxide. The CO₂ is 
then separated from the syngas prior to its use in driving turbine generators for electricity generation 
[25]. 

To facilitate this, the syngas undergoes a water-gas-shift (WGS) reaction, which converts carbon 
monoxide into additional CO₂ while producing more hydrogen. This reaction increases the 
concentration of CO₂, thereby enhancing the efficiency of the capture process. The overall sequence 
is illustrated in Figure 4. Post-combustion capture technologies generally fall into four categories: 
solvent-based, sorbent-based, membrane-based, and emerging novel methods [24]. 

Pre-combustion CO₂ capture is a core component of Integrated Gasification Combined Cycle 
(IGCC) plants, which support low-carbon electricity and hydrogen production (as depicted in Figure 
2). This approach converts fossil fuels or biomass into syngas, enabling key chemical processes to 
separate CO₂ before combustion, which improves capture efficiency and facilitates integration with 
existing energy and industrial infrastructures [26]. 

 

Figure 4. Process diagram carbon capture and compression for an IGCC power plant[25]. 
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Pre-combustion CO₂ capture is generally regarded as an environmentally sustainable and 
energy-efficient approach. It converts carbon-based fuels into hydrogen through gasification, 
producing water rather than CO₂ upon combustion, and avoids emissions of pollutants like sulfur 
oxides (SOx) that are typical in conventional fossil fuel combustion [27]. Despite its complexity and 
higher costs compared to other capture methods, the elevated pressure (2–7 MPa) and CO₂ 
concentration (15%–60%) in the gas stream reduce the energy required for CO₂ separation and 
compression relative to alternative technologies [28]. 

This method offers technical benefits, including high capture efficiency and comparatively 
favorable capital expenditure. However, its widespread adoption faces obstacles such as significant 
energy consumption, challenges in integration with existing systems, substantial capital and 
operational expenses, and the need for enabling policy frameworks and infrastructure development. 
Consequently, pre-combustion capture is predominantly suited for newly constructed Integrated 
Gasification Combined Cycle (IGCC) facilities in regions with robust carbon pricing mechanisms and 
supportive infrastructure [29]. Its application in retrofitting existing power plants is limited due to 
the complexity of the process. The use of gasifiers entails high costs and can reduce overall plant 
efficiency, highlighting key limitations of this technology [30]. 

2.2. Post-Combustion Capture 

Post-combustion CO₂ capture is a well-established method widely employed in power plants 
that generate electricity or heat by burning fossil fuels such as coal, natural gas, or oil, while 
simultaneously reducing CO₂ emissions. During combustion, hot flue gas is produced containing 
approximately 3–20% CO₂ by volume (partial pressure ~0.03–0.20 bar) at temperatures exceeding 400 
°C [31]. This flue gas is initially cooled using heat exchangers or cooling towers to create optimal 
conditions for efficient CO₂ capture. As illustrated in Figure 5, the removal of CO₂ from the flue gas 
predominantly involves adsorption, absorption, and membrane separation techniques [32]. The 
captured CO₂ is subsequently compressed and conveyed through pipelines, ships, or trucks to 
specific storage locations. Meanwhile, the steam produced during the process is utilized to power 
turbines for electricity generation. Coal combustion also generates multiple pollutants, including fly 
ash, hazardous gases, trace elements like mercury (Hg), sulfur oxides (SOx), nitrogen oxides (NOx), 
and non-condensable gases such as oxygen (O₂). Effective removal of these pollutants is essential 
before releasing the flue gas into the atmosphere to comply with environmental protection standards 
[33]. 

The primary distinctions between pre-combustion and post-combustion capture lie in the 
separation technologies employed and the composition of the flue gas. The selection of either method 
depends largely on implementation costs and the specific characteristics of the power plant or 
industrial process [34]. 

Post-combustion capture is valued for its operational flexibility and simplicity, as it can be 
retrofitted to existing power plants at the stack without disrupting upstream processes which is one 
of its key advantages [35]. However, challenges include lower capture efficiency and energy-
intensive capture and regeneration steps, leading to limited overall performance and increased 
operational costs. Consequently, achieving higher-purity CO₂ streams necessitates larger-scale 
equipment and infrastructure, which further raises costs [36]. 
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Figure 5. Schematic representation of various steps involved in post-combustion capture. [37]. 

2.3. Oxy-Fuel Combustion 

Among the various carbon capture technologies, oxy-fuel combustion is considered highly 
promising due to its potential for integration with existing power plants with minimal modifications, 
as well as its applicability in new plant designs. Two primary methods for implementing oxy-fuel 
combustion are the air separation unit (ASU) and the ion transport membrane reactor (ITMR) 
approaches [38]. In the ASU method, oxygen is separated from air and subsequently used to oxidize 
fuel within conventional combustion systems, as illustrated in Figure 6. This oxygen separation via 
cryogenic or membrane techniques, however, requires additional energy input. 

In contrast, the ITMR method integrates oxygen separation and combustion processes within a 
single unit. Oxygen transport membrane reactors (OTMRs) utilize ion transport membranes (ITMs) 
that enable oxygen to permeate at high temperatures ranging from 650 to 950 °C. A variety of 
membrane materials have been investigated for oxy-fuel combustion applications, including 
lanthanum cobaltite-based perovskite ceramics, modified perovskite ceramics [39], and ceramics with 
a brownmillerite structure [40]. Furthermore, advanced thin dual-phase membranes, such as 
chemically stable yttria-stabilized zirconia (YSZ), metal-carbonate dual-phase membranes, and 
ceramic-metal dual-phase membranes, have also been developed to enhance performance [41]. 

Future oxy-fuel combustion technologies under investigation encompass syngas production via 
ITMs, integration of oxy-combustion with oxygen transport reactors (OTRs) for power generation, 
utilization of liquid fuels during combustion, and the development of third-generation technologies 
aimed at enhancing CO₂ capture efficiency [42]. 

 
Figure 6. Oxy-fuel combustion [43]. 
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In oxy-fuel combustion, fuel is burned using a mixture of pure oxygen and recycled flue gas 
rather than atmospheric air, effectively removing nitrogen from the oxidant stream. The exclusion of 
atmospheric nitrogen significantly reduces the formation of thermal NOₓ, as minimal nitrogen is 
available to oxidize at high temperatures [44]. As a result, NOₓ emissions, measured per unit of 
energy (e.g., mg/MJ), are typically reduced by 20% to 90% compared to traditional air combustion, 
depending on operating conditions and coal type [45]. 

A major limitation of oxy-fuel combustion is the high cost associated with producing pure 
oxygen to replace air in the combustion process. Industrial oxygen is primarily produced through 
cryogenic air separation, a process characterized by high energy consumption and capital costs. This 
oxygen production can represent as much as 50–70% of the total incremental cost of an oxy-fuel 
system. Yuan et al. (2024) report that the levelized cost of electricity (LCOE) for oxy-fuel combustion 
systems is substantially higher than conventional systems, with CO₂ avoidance costs potentially 
exceeding USD 40 per tonne, reducing economic viability in markets lacking carbon pricing 
mechanisms [46]. 

2.4. Direct Air Capture (DAC) 

Direct air capture (DAC) is a process that extracts CO₂ directly from ambient air using chemical 
means. Large volumes of air are passed through a DAC system containing a sorbent material 
designed to selectively bind CO₂ molecules, as illustrated in Figure 7. In a subsequent stage, the 
captured CO₂ is released from the sorbent and collected for either utilization or long-term storage. 
Currently, two primary DAC technologies dominate the field: systems utilizing solid sorbents and 
those employing liquid sorbents [47]. Solid sorbent DAC employs highly porous materials with 
extensive surface area to adsorb CO₂, whereas liquid sorbent DAC uses chemical solutions to absorb 
CO₂. 

While existing DAC systems require both heat and electricity to operate components such as 
rotating equipment, solid sorbent DAC (S-DAC) can potentially run entirely on electricity, which 
may be sourced from renewables. In contrast, liquid sorbent DAC (L-DAC) typically requires an 
external heat source commonly natural gas to reach the high temperatures (approximately 900°C) 
necessary in the regeneration calciner. Without the availability of a low-carbon heat source, which is 
not yet commercially viable, reliance on natural gas would necessitate capturing and storing its 
associated CO₂ emissions along with the CO₂ extracted from the air to ensure maximal net carbon 
removal [48]. 

DAC technology, originally developed in the late 1950s for applications such as submarines and 
spacecraft, has matured significantly. Presently, about 130 DAC plants are operational or under 
construction globally, with leading developers including Global Thermostat (USA), Carbon 
Engineering (Canada), and Climeworks (Switzerland). Recent progress has focused on optimizing 
sorbent materials to enhance CO₂ capture efficiency [49]. 
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Figure 7. Direct Air Capture [50]. 

Direct air capture (DAC) technology offers flexible deployment options, functioning effectively 
in diverse environments including deserts, urban settings, and proximity to renewable energy or 
storage sites, without dependence on emission sources or competition for agricultural land. DAC 
systems are highly scalable, ranging from small, decentralized units to large, centralized facilities 
capable of capturing millions of tonnes of CO₂ annually [51]. 

Despite its promise for climate mitigation, DAC faces several significant challenges. The process 
is energy-intensive due to the inherently low concentration of CO₂ in ambient air, leading to high 
operational costs currently estimated between $100 and $1000 per tonne of CO₂ captured [52,53]. Its 
large-scale implementation is constrained, particularly because DAC must be powered by low-
carbon energy to ensure net climate benefits. Furthermore, the development of robust infrastructure 
for CO₂ transport and secure long-term storage remains a critical logistical challenge. The gradual 
degradation of capture materials over time also increases maintenance requirements. Crucially, DAC 
should complement, rather than replace, direct emission reduction efforts as part of comprehensive 
climate mitigation strategies [54]. 

Table 1 summarizes key carbon capture technologies, their applications, advantages, 
disadvantages, and overall feasibility. Pre-combustion capture offers flexible deployment and the 
ability to capture low-concentration CO₂, with the added benefit of integration with renewable 
energy systems. However, it remains limited by high capital and operational costs, as well as 
technological complexity, making it moderately feasible mostly in settings with appropriate 
infrastructure [55]. 

Post-combustion capture is a mature and widely adopted technology, especially suited for 
retrofitting existing power plants such as IGCC systems. Its ease of separation and high capture 
efficiency contribute to its high feasibility. Nonetheless, its application can be limited by the specific 
plant configuration and often requires energy-intensive solvent regeneration processes [56]. 

Oxy-fuel combustion, applicable to pulverized coal and natural gas combined cycle plants, 
enables high purity CO₂ streams that facilitate easier capture. Despite its technical maturity and 
retrofit potential, this method experiences generation inefficiencies and energy penalties, affecting 
overall plant efficiency and cost-effectiveness. Recent advances have focused on optimizing oxygen 
production methods to reduce energy consumption [57]. 

Direct Air Capture (DAC) represents a promising long-term approach capable of capturing CO₂ 
directly from ambient air, enabling negative emissions. DAC technologies offer high purity CO₂ and 
modular deployment options, but current high investment and operational energy costs limit 
widespread feasibility. Recent innovations in sorbent materials and process integration with 
renewable energy are improving DAC economics and energy efficiency [58] 

Overall, while post-combustion capture remains the most feasible for near-term deployment, 
advances in oxy-fuel combustion and DAC technologies are progressively addressing their respective 
challenges, improving the prospects of broader carbon capture adoption. 

Table 1. Comparison of different carbon capture storage technologies [50]. 

Carbon Capture 
Technology 

Applications Advantages Disadvantages Feasibility 

Pre-Combustion 
Capture 

Broad applicability 
without major 
restrictions 

Offers versatile deployment; 
capable of capturing CO₂ at 
low concentrations; can be 
integrated with renewable 
energy systems 

Involves substantial 
capital expenditure and 
operational costs; 
technological challenges 
persist 

Moderate Technically 
achievable but 
constrained by 
infrastructure and 
financial barriers 

Post-Combustion 
Capture 

Primarily used in 
Integrated Gasification 
Combined Cycle (IGCC) 
power plants 

Established and mature 
technology; delivers high 
capture efficiency with 
straightforward separation 
processes 

Applicability is limited to 
specific settings 

High 
Most practical for 
retrofitting existing 
facilities with relatively 
lower initial costs 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 14 August 2025 doi:10.20944/preprints202508.1025.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202508.1025.v1
http://creativecommons.org/licenses/by/4.0/


 11 of 28 

 

Oxy-Fuel 
Combustion 

Suitable for pulverized 
coal power plants, 
natural gas combined 
cycle plants, and other 
fossil fuel power 
generation 

Proven technology with 
broad applicability; suitable 
for retrofitting existing 
plants 

Suffering from decreased 
thermal efficiency during 
operation 

Moderate Technically 
reliable but challenged 
by energy penalties and 
efficiency reductions 

Direct Air 
Capture (DAC) 

Applicable to pulverized 
coal and IGCC power 
plants 

Provides high purity and 
concentration of captured 
CO₂; relatively simple 
operational steps; can be 
used for retrofitting or 
repowering 

Requires significant 
investment due to 
additional equipment and 
high energy consumption 

Low to Moderate Holds 
promise for future 
application but currently 
limited by cost and 
energy intensity 

2.5. Case Studies and Real-World Application of CCS Technologies 

A range of carbon capture technologies have been developed and demonstrated at various scales 
across the globe, with each offering unique benefits and challenges based on their design and 
application as presented in Table 2. Direct Air Capture (DAC), a technology designed to remove CO₂ 
directly from ambient air, has seen significant advancements through facilities like Climeworks’ 
Mammoth plant in Iceland, which began operations in 2024. This facility can capture approximately 
36,000 tons of CO₂ per year using geothermal energy and modular solid sorbent units, demonstrating 
scalability and integration with renewable energy sources [59]. Its predecessor, Climeworks Orca, 
launched in 2021, was the first large-scale DAC plant and has a capacity of around 4,000 tons of CO₂ 
annually, storing captured CO₂ underground via mineralization in basaltic rock formations, an 
innovative and permanent sequestration pathway [60]. While DAC offers a pathway to negative 
emissions, its energy intensity and operational costs remain significant challenges. 

Post-combustion capture, in contrast, is more mature and has been deployed in operational 
power plants. The Mikawa Post-Combustion Capture Plant in Japan exemplifies this, achieving a 
capture rate of 180,000 tons of CO₂ per year by retrofitting an existing power plant to include chemical 
absorption units [61]. This approach is especially attractive for decarbonizing current fossil-based 
infrastructure, though efficiency losses and solvent degradation must be managed. 

Pre-combustion capture is used in projects like the GreenGen IGCC facility in Tianjin, China, 
which was designed to capture up to 1 million tons of CO₂ per year as part of an integrated 
gasification combined cycle (IGCC) power generation process. In this method, CO₂ is removed before 
combustion by converting fuel into syngas and separating the CO₂ at high pressures, enabling greater 
efficiency in capture and storage [62]. Although promising, pre-combustion systems typically require 
greenfield development, limiting their retrofit potential. 

Another promising approach is oxy-fuel combustion, which involves burning fuel in pure 
oxygen instead of air, resulting in a CO₂-rich flue gas that simplifies separation. The Callide Oxy-fuel 
Project in Australia, a demonstration facility, successfully captured approximately 27,300 tons of CO₂ 
per year, achieving an impressive 80% CO₂ concentration in the flue gas stream [63]. However, high 
costs related to oxygen production and plant redesign remain obstacles to commercial deployment. 

These diverse projects highlight both the progress and remaining hurdles in deploying carbon 
capture technologies. While post-combustion systems offer near-term feasibility, DAC and pre-
combustion approaches hold transformative potential for deep decarbonization, particularly when 
aligned with renewable energy systems and geological storage solutions. 

Table 2. Real-world application of ccs technologies. 

Technology Type Example Case Study Scale / Features Start-up 
Year 

Reference 

Direct Air Capture 
(DAC) 

Climeworks Mammoth 
(Iceland) 

≈36,000 t CO₂/year using geothermal energy 
and modular solid sorbent units 

2024 [59] 

Direct Air Capture 
(DAC) 

Climeworks Orca 
(Iceland) 

≈4,000 t CO₂/year; first large-scale DAC plant 
with underground mineralization 

2021 [60] 
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Post-Combustion 
Capture 

Mikawa post combustion 
capture plant (Japan) 

Power generation 180Kt CO₂/year ~2020 [61] 

Pre-Combustion GreenGen IGCC Project, 
Tianjin, China 

Designed to capture up to 1 Mt CO₂/year in 
full-scale implementation 

~2014 [62] 

Oxy-Fuel 
Combustion 

Callide Oxy-Fuel Project 
(Australia) 

Demo project captured ~27,300 t CO₂/year 
with ~80% CO₂ concentration flue gas 

~2020 [63] 

2.6. Cost Estimates for Carbon Capture and Storage Systems 

The estimated cost for CCS technologies is presented in Table 3 for various carbon capture 
technologies highlight significant differences in their economic viability and technological readiness. 
Direct Air Capture (DAC) presents the broadest and highest cost range, between $100 and $1000 per 
ton of CO₂ as presented in Figure 8, with pilot projects potentially exceeding these figures. This high 
cost is primarily due to the technical challenge of extracting CO₂ from ambient air, where its 
concentration is extremely low. Despite its cost, DAC is highly valued for its ability to remove legacy 
emissions and its flexibility in deployment without location constraints. In contrast, post-combustion 
capture emerges as the most economically feasible option, with costs ranging from $47 to $76 per ton. 
This technology is well-established and suitable for retrofitting existing power plants and industrial 
facilities, particularly where flue gases contain high CO₂ concentrations. 

Pre-combustion capture, with a cost range of $60 to $150 per ton, involves converting fuel into a 
mixture of hydrogen and CO₂ before combustion. While efficient in new plant designs, it is less 
suitable for retrofitting existing infrastructure due to its complexity and capital requirements. Oxy-
fuel combustion costs between $70 and $160 per ton and involves burning fossil fuels in pure oxygen, 
producing a CO₂-rich exhaust that simplifies capture. However, the energy demands of producing 
pure oxygen and redesigning combustion systems pose economic and operational challenges. 
Overall, while post-combustion capture currently offers the most practical and cost-effective solution, 
DAC represents a promising long-term pathway for achieving negative emissions. Future 
developments must focus on reducing the cost and improving the scalability of all technologies to 
meet global decarbonization goals. 

Table 3. Estimated COSTS of CCS Technologies. 

Technology Estimated Cost (USD/ton CO₂) Reference 
Direct Air Capture (DAC) $100–$1000/t CO₂ (may exceed $1,000/t in pilots) [52] 
Post-combustion Capture $47–$76 /t CO₂ [64] 
Pre-combustion Capture $60–$150 /t CO₂ [65,66] 
Oxy-fuel Combustion $70–$160 /t CO₂ [67,68]  

 
Figure 8. Estimated cost of CO2 capture technologies. 
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3. The Role of Carbon Capture Technologies in Mitigating Emissions 

Meeting the Paris Agreement target of keeping global temperature rise “well below 2°C above 
pre-industrial levels” and striving to limit it to 1.5°C requires swift and substantial reductions in 
greenhouse gas (GHG) emissions. Numerous emissions pathways have been modelled that align 
with these climate goals, and in most cases, Carbon Capture and Storage (CCS) emerges as a pivotal 
component. CCS contributes in two key ways: (1) it mitigates direct CO₂ emissions from fossil fuel 
use in power generation and industrial operations, and (2) when combined with bioenergy, direct air 
capture, or similar technologies, it enables large-scale atmospheric CO₂ removal, achieving net 
negative emissions. Without deploying CCS in both capacities, modelled scenarios indicate that 
achieving sufficient and timely CO₂ reductions to meet the “well below 2°C” target becomes 
extremely challenging [69]. 

According to the International Energy Agency’s Net Zero by 2050 roadmap, Carbon Capture, 
Utilisation, and Storage (CCUS) is expected to contribute about 8% of the total emissions reductions 
required, equivalent to approximately 6 Gt of CO₂ annually by 2050. Likewise, hundreds of climate 
scenarios assessed by the Intergovernmental Panel on Climate Change (IPCC) underscore CCS as a 
critical factor in nearly all projections that successfully meet the Paris Agreement objectives [70]. 

The strategic role of CCS within the green transition is most evident for emissions that are not 
easily eliminated through other measures such as energy efficiency improvements, electrification, 
hydrogen deployment, or expanded renewable energy production. Specifically, CCS is essential for: 

• Retrofitting existing industrial facilities or power plants to continue operation while capturing 
their CO₂ emissions. 

• Substantially lowering emissions from energy-intensive sectors that are difficult to decarbonize, 
including cement, steel, and chemicals. 

• Supporting the low-carbon hydrogen economy, which can facilitate decarbonization across 
industry, heavy transport, and shipping. 

• Removing CO₂ from the atmosphere to offset unavoidable or hard-to-abate emissions, for 
instance, through Bioenergy with CCS (BECCS) or Direct Air Capture (DAC). 

3.1. CCS Role in Decarbonizing the Industrial Sector 

Industrial processes are a major source of greenhouse gas (GHG) emissions, accounting for 
about 25% of global CO₂ output [71]. Achieving the emission reduction targets set by the IPCC 
therefore requires substantial decarbonization of this sector. Carbon capture technologies play a 
critical role in reducing emissions from hard-to-abate industries, including iron and steel production, 
cement manufacturing, petroleum refining, and power generation. Collectively, these sectors 
contribute a considerable share of global CO₂ emissions, with cement production alone responsible 
for nearly 8%. According to the International Energy Agency, carbon capture could deliver up to 15% 
of the total emission reductions required by 2050, reinforcing its importance as a complementary 
measure to renewable energy expansion and energy efficiency improvements [72,73]. 

3.1.1. Decarbonizing the Iron and Steel Industry 

The iron and steel industry is the largest emitter of CO₂ within the industrial sector, responsible 
for approximately 31% of total industrial CO₂ emissions [74]. This high emission intensity arises from 
the sector’s substantial energy requirements, reliance on coal, and the vast scale of global steel 
production [75]. Steel manufacturing is primarily carried out via two routes: integrated steel mills 
and mini mills. Large integrated steel mills are the dominant emission sources, producing on average 
3.5 Mt of CO₂ per year, while smaller mini-mills typically emit around 200 kt annually. On a per-
production basis, a conventional steel mill releases about 1.8 tCO₂ for every tonne of crude steel, with 
the majority originating from coal and coke combustion (1.7 tCO₂) and a smaller fraction from 
limestone use (0.1 tCO₂) [76]. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 14 August 2025 doi:10.20944/preprints202508.1025.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202508.1025.v1
http://creativecommons.org/licenses/by/4.0/


 14 of 28 

 

The adoption of Carbon Capture and Storage (CCS) could substantially reduce these emissions. 
In integrated mills, potential capture points include flue gases from the sinter plant, lime kiln, coke 
blast furnace, oven plant, basic oxygen furnace and stove. For mini mills, the primary capture source 
is the electric arc furnace. Post-combustion capture systems can be applied to these streams without 
disrupting steelmaking operations. Alternatively, “in-process” capture strategies can integrate steel 
production with CO₂ capture, such as employing oxy-combustion in blast furnaces to generate flue 
gases with a higher CO₂ concentration, improving capture efficiency [76]. 

Several commercial iron and steel facilities have incorporated CO₂ capture within their 
operations; however, the captured carbon dioxide is frequently vented through flaring instead of 
being stored. Notable examples of such integration include specific Direct Reduced Iron (DRI) plants 
[75], the Saldanha steelworks in South Africa [77], the Finex process facility in South Korea [78], and 
the HIsarna process plants located in Germany and Australia [79]. 

3.1.2. Decarbonizing from the Cement Industry 

Concrete is the second most produced material globally after clean water [80]. Cement, a key 
ingredient of concrete, generates approximately 880 kg of CO₂ per tonne produced, with emissions 
varying between 600 and 1000 kg depending on the manufacturing process. Consequently, cement 
production contributes to more than 5% of global CO₂ emissions. Approximately 60% of these 
emissions arise from the calcination of limestone (CaCO₃) to form calcium oxide (CaO), which is the 
primary raw material in cement production [81], while the remainder results from the combustion of 
fuels used to heat kilns and facilitate clinker formation. 

A range of CCS technologies can be adapted for the cement sector, including several post-
combustion approaches such as solid sorbents, solvent-based scrubbing, oxy-fuel combustion, 
calcium looping and “direct capture” [82]. Unlike in power generation, pre-combustion capture 
methods are unsuitable for cement manufacturing due to the significant share of process emissions 
released during limestone calcination, which pre-combustion systems cannot address. Most 
applicable CCS options except direct capture are conceptually similar to those in the power sector. 
Notably, calcium looping offers process synergies because it uses CaO, a feedstock already integral 
to cement production, as the primary sorbent. Direct capture, which has no direct equivalent in power 
generation, involves indirect radiative heating of the raw meal containing limestone to directly 
produce a pure CO₂ stream. Both direct capture and oxy-fuel systems offer potential efficiency 
advantages—either from thermodynamic improvements (direct capture) or by reducing thermal 
ballast through the elimination of nitrogen from the combustion air [55]. 

3.1.3. Decarbonizing the Petrochemical and Oil Refining Industries 

The petroleum industry is responsible for approximately 6% of global CO₂ emissions [83], with 
emissions generated across the entire value chain, from exploration and extraction to refining and 
downstream petrochemical production. Importantly, the use of petroleum-derived products in 
electricity generation, heating, and transportation accounts for about 50% of worldwide emissions. 
Various carbon capture technologies have been explored for refinery applications, including 
traditional post-combustion capture. Andersson et al. [84] investigated the utilization of excess waste 
heat for carbon capture, while Escudero et al. [85] evaluated the economic feasibility of oxy 
combustion in utility boilers under specific conditions. Additionally, chemical looping combustion 
(CLC) has shown significant potential, as refinery light gases are suitable fuels for CLC, and refineries 
already have substantial expertise in engineering and controlling hot solids looping processes, such 
as those used in fluid catalytic cracking [86]. 

Carbon Capture, Utilisation, and Storage (CCUS) can play a pivotal role in global 
decarbonization strategies through several pathways: (i) lowering emissions in sectors that are 
difficult to decarbonize; (ii) generating low-carbon electricity and hydrogen to facilitate the transition 
to cleaner fuels across various industries; and (iii) extracting CO₂ already present in the atmosphere. 
By fulfilling these roles, CCUS can also diversify and enhance energy system flexibility, strengthening 
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energy security a growing priority for many governments. In numerous regions, CCUS offers the 
most cost-effective pathway for achieving deep decarbonization in industries such as iron, steel, and 
chemicals. For cement production responsible for nearly 7% of global CO₂ emissions, CCUS is 
currently the only viable large-scale option for significant emissions reduction. Furthermore, 
integrating CCUS into coal-, gas-, biomass-, or waste-fired power plants enables the generation of 
low-carbon electricity, which can displace fossil fuel use across applications including transport, 
residential heating, and industrial low- to medium-temperature heat. Low-carbon hydrogen 
produced via CCUS can serve as a direct fossil fuel substitute for combustion, as a feedstock in 
industrial processes, and as a fuel for long-haul transport [87]. 

There are three main reasons why Carbon Capture and Storage (CCS) is likely essential for 
achieving the Paris Agreement’s target of keeping global warming “well below 2°C.” First, because 
CO₂ accumulates in the atmosphere over time, achieving net-zero emissions is necessary to halt 
further temperature increases. Without CCS whether applied to eliminate direct emissions or to 
remove CO₂ from the air it may be impossible to reach net-zero quickly enough. Second, cost-effective 
alternatives to fully decarbonize certain hard-to-abate sectors are currently unavailable and may 
never emerge. In such cases, CCS offers a more viable option, either through direct application in 
sectors like steel and cement or via CO₂ removal to compensate for residual emissions from areas 
such as long-distance shipping and aviation. Third, in some industries, CCS or CO₂ removal may 
provide a lower-cost pathway to emissions reduction, allowing the financial savings to be redirected 
toward other societal needs [69]. 

At present, over 50 commercial-scale CCS facilities are in operation worldwide, with an 
additional 44 under construction and more than 500 projects in various stages of development [88,89]. 
Technological advancements including improvements in solvent- and membrane-based capture 
systems, solid sorbents, and direct air capture are increasing both the efficiency and scalability of CCS 
solutions [90]. This positions CCS as a critical transitional technology, enabling continued operation 
of existing infrastructure while substantially mitigating its climate impact. 

Although notable progress has been made, recent studies highlight that the pace of carbon 
capture deployment must accelerate significantly to align with international climate objectives. 
Without substantial scaling, current implementation rates will fall short of limiting global warming 
to 2°C and even further from the 1.5°C ambition outlined in the Paris Agreement [91]. Pioneering 
initiatives, such as Norway’s large-scale CCS infrastructure and advances in materials science for CO₂ 
adsorption and recycling, indicate promising pathways for broader adoption [73,90]. Nevertheless, 
persistent barriers remain, including high costs, substantial energy requirements, storage 
infrastructure complexities, insufficient regulatory frameworks, and challenges in integrating CCS 
within broader decarbonization strategies. End-to-end CCS systems encompassing capture, CO₂ 
transport, and geological storage remain both capital- and energy-intensive, restricting widespread 
uptake [72]. Furthermore, ensuring the long-term integrity and capacity of geological reservoirs 
demands rigorous monitoring and regulation to mitigate leakage risks and guarantee storage 
permanence. Unlocking the full mitigation potential of CCS will require sustained investment and 
coordinated action across industries and governments [72,89,91]. 

Recent innovations are transforming CCS capabilities, particularly through the development of 
advanced materials and integration with renewable energy systems. For example, metal-organic 
frameworks (MOFs) can achieve up to 99% CO₂ removal in laboratory trials, offering higher efficiency 
than conventional technologies and reducing energy consumption and operational costs by 
approximately 17% and 19%, respectively [72]. Flexible integration of CCS with renewable-
dominated power grids enhances both resilience and cost-effectiveness, enabling fossil-based assets 
to provide essential grid stability while delivering substantial emissions reductions as renewable 
capacity expands [73,88,89]. These advances position CCS not merely as an emissions mitigation tool, 
but as a fundamental component in maintaining balanced, low-carbon energy systems worldwide. 

While CCS has faced criticism for being costly, unproven, or unsafe, operational evidence 
demonstrates that the technology is both reliable and secure. The primary challenge lies not in its 
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feasibility but in scaling the industry to achieve the multi-gigatonne levels of permanent CO₂ storage 
needed in the coming decades. 

4. Integration of CCUS with Renewable Energy Systems 

4.1. Solar and Wind Energy-Powered CCUS 

Integrating carbon capture, utilization, and storage (CCUS) systems with renewable energy 
sources such as solar and wind offers a promising strategy for reducing the carbon intensity of 
industrial operations while overcoming the energy penalty typically associated with conventional 
CCUS processes. Traditional CCUS systems, especially direct air capture (DAC) and post-combustion 
capture, are energy-intensive and often rely on fossil-derived electricity or heat. Coupling these 
systems with intermittent renewables like solar and wind can decouple carbon capture from fossil 
energy inputs, enabling low- or even negative-emission pathways [92]. 

Solar energy, particularly concentrated solar power (CSP) and solar thermal systems can provide 
high-temperature heat needed for solvent regeneration in post-combustion capture or for driving 
chemical looping and sorbent regeneration processes. Solar-driven DAC systems have already been 
explored to improve sustainability by using solar heat for desorption in solid sorbent units, thereby 
reducing operational emissions (Keith et al., 2018). Additionally, photocatalytic CO₂ conversion using 
solar radiation has been proposed for the direct utilization of captured CO₂ into fuels or chemicals, 
creating a closed-loop system that supports circular carbon use [93]. 

Wind energy, on the other hand, is particularly suitable for powering electrochemical CO₂ 
conversion systems and supplying electricity for electrically driven DAC technologies. Wind-
powered CCUS can also stabilize excess generation through power-to-gas applications, where 
surplus renewable electricity is used to convert captured CO₂ and water into synthetic methane or 
other fuels via electrolysis and methanation [94]. This not only provides a storage medium for 
intermittent energy but also contributes to the defossilization of the gas sector. 

Several studies have demonstrated that integrating CCUS with variable renewables is 
technically feasible and economically promising when supported by appropriate energy storage and 
smart grid infrastructure [95]. However, the main challenges remain in the variability of energy 
supply, high capital costs, and the need for hybrid system optimization to ensure consistent CCUS 
operation. Life cycle assessment (LCA) studies confirm that the use of renewable energy in CCUS 
significantly improves the overall environmental performance and carbon avoidance efficiency [58]. 

As the world transitions toward net-zero targets, renewable-powered CCUS represents a critical 
convergence of clean energy and climate mitigation technologies. Continued research and policy 
support are essential to scale these integrated systems and enable their role in a sustainable low-
carbon energy future. 

4.2. Geothermal Energy and CO₂ Utilization 

Integrating carbon dioxide (CO₂) as a working fluid in geothermal power systems offers a dual 
advantage of enhancing geothermal energy extraction while providing a pathway for long-term CO₂ 
storage. In CO₂-Plume Geothermal (CPG) systems, captured CO₂ is injected into deep geologic 
formations where it acts as both a heat extraction medium and a permanently stored greenhouse gas. 
Compared to water-based geothermal systems, CO₂ has favorable thermophysical properties, such 
as lower viscosity and higher expansivity, which allow for more efficient circulation and energy 
recovery from geothermal reservoirs [96]. This makes CPG systems especially promising in low-
permeability formations where water-based geothermal systems underperform. Moreover, the 
supercritical state of CO₂ at reservoir depths enhances heat transfer rates, improving the 
thermodynamic performance of the geothermal cycle. 

Recent studies have demonstrated that using CO₂ instead of water can increase electricity 
generation by up to 50%, depending on reservoir characteristics and system design. Additionally, the 
integration of geologic CO₂ storage with geothermal energy reduces the environmental footprint of 
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carbon sequestration by co-producing clean energy, thereby improving the economic viability of both 
technologies. This approach supports a circular carbon economy, where CO₂ is captured, utilized for 
energy generation, and sequestered permanently underground. However, successful deployment of 
CPG systems depends on careful reservoir characterization, pressure management, and long-term 
monitoring to ensure operational safety and containment integrity [97,98]. Overall, geothermal-CO₂ 
hybrid systems represent a promising innovation at the intersection of renewable energy and carbon 
management. 

4.3. Bioenergy with Carbon Capture and Storage (BECCS) 

Bioenergy with Carbon Capture and Storage (BECCS) involves capturing and permanently 
sequestering CO₂ emitted during the conversion of biomass into energy or material products. 
Common applications include biomass-powered electricity plants, pulp mills for paper production, 
cement kilns, and biofuel facilities. Waste-to-energy plants using biogenic feedstocks can also 
generate negative emissions. Theoretically, when biomass is sustainably grown and converted into 
fuel for combustion, the process is carbon-neutral; however, capturing and storing some or all CO₂ 
emissions during combustion renders the process carbon-negative by removing more CO₂ from the 
atmosphere than is emitted. Validating true negative emissions requires comprehensive life cycle 
assessments considering biomass sustainability, application scope, land-use changes, and the timing 
of emissions and removals [99]. 

Among carbon removal strategies, BECCS is the most technologically advanced, given that both 
bioenergy generation and CCS have been commercially proven separately. BECCS is operational in 
fuel transformation and power generation sectors, with varying degrees of maturity; the most 
advanced projects focus on CO₂ capture from ethanol production or biomass power plants, whereas 
industrial applications remain in prototype phases [100]. Currently, more than ten global facilities 
capture CO₂ from bioenergy production (see Table 4), with the Illinois Industrial CCS Project being 
the largest at 1 MtCO₂ annually and the only one with dedicated geological storage, while most others 
are pilot projects utilizing captured CO₂ for enhanced oil recovery (EOR) or other applications. 

Table 4. Major Bioenergy with Carbon Capture and Storage/Utilization (BECCS/CCU) Projects Currently in 
Operation Globally [101]. 

Facility Country Sector CO₂ Application Commissioning 
Year 

CO₂ Capture 
Capacity (kt/year) 

Stockholm Exergi AB Sweden Combined heat and 
power 

Not specified 2019 Pilot scale 

Arkalon CO₂ 
Compression Facility 

USA Ethanol production Storage (Enhanced Oil 
Recovery, EOR) 

2009 290 

OCAP NetherlandsEthanol production Utilization 2011 Less than 400 
Bonanza Bioenergy 
CCUS EOR 

USA Ethanol production Storage (EOR) 2012 100 

Husky Energy CO₂ 
Injection 

Canada Ethanol production Storage (EOR) 2012 90 

Calgren Renewable Fuels 
CO₂ Plant 

USA Ethanol production Utilization 2015 150 

Lantmännen Agroetanol Sweden Ethanol production Utilization 2015 200 
Alco BioFuel Bio-refinery 
CO₂ Plant 

Belgium Ethanol production Utilization 2016 100 

Cargill Wheat Processing 
CO₂ Plant 

UK Ethanol production Utilization 2012 600 

Illinois Industrial CCS USA Ethanol production Dedicated geological storage 2017 1000 
Drax BECCS Plant UK Power generation Not specified 2020 Pilot scale 
Mikawa Post 
Combustion Capture 

Japan Power generation Not specified 2020 180 

Saga City Waste 
Incineration Plant 

Japan Waste-to-energy Utilization 2016 3 

  

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 14 August 2025 doi:10.20944/preprints202508.1025.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202508.1025.v1
http://creativecommons.org/licenses/by/4.0/


 18 of 28 

 

4.4. CCUS in Low-Carbon Hydrogen Production 

Carbon Capture, Utilization, and Storage (CCUS) plays a critical role in facilitating the large-
scale generation of low-carbon hydrogen for widespread energy applications. Hydrogen serves as a 
flexible, low-carbon energy carrier or feedstock, capable of being utilized without direct emissions of 
greenhouse gases (GHGs) or air pollutants. It offers a promising decarbonization solution for sectors 
where direct electrification is either technically infeasible or economically impractical, including 
long-haul transportation, chemical production, iron and steel manufacturing, as well as power and 
heat generation 

CCUS aids in hydrogen decarbonization primarily by: 
Mitigating emissions from existing hydrogen production facilities: Currently, global hydrogen 

output is approximately 75 million tonnes per year, predominantly derived from natural gas (76%) 
and coal (23%), with smaller contributions from oil and electricity. This production results in over 
800 million tonnes of CO₂ emissions annually, a figure comparable to the total energy sector 
emissions of countries such as Indonesia and the United Kingdom [102]. Unabated hydrogen 
production emits approximately 9 tCO₂ per tonne of hydrogen when using natural gas, and around 
20 tCO₂ per tonne when using coal. At present, seven large-scale projects produce hydrogen from 
fossil fuels with CCUS integration, collectively generating just over 0.4 Mt of hydrogen per year while 
capturing close to 6 MtCO₂. Of these, four operate within oil refineries and three within fertiliser 
plants. There is significant opportunity to retrofit existing facilities with CCUS, allowing them to 
operate more sustainably. This is among the lower-cost CCUS applications and given that many 
facilities are located in coastal industrial hubs, they could share CO₂ transport and storage 
infrastructure with other industries[102]. 

Providing a cost-effective pathway for scaling new hydrogen production: In many regions, 
producing hydrogen from natural gas or coal paired with CCUS remains cheaper than water 
electrolysis using renewable energy, particularly where low-cost fossil fuels and CO₂ storage options 
are available. This cost advantage is likely to persist in the near term, offering a practical route to 
expanding low-carbon hydrogen supply [101]. 

4.5. Scalability and Commercialization 

The deployment of large-scale CCS projects has progressed gradually. Among 37 significant 
CCS initiatives, 17 are currently operational, 4 are under construction, and the rest are at various 
phase of planning and development, as illustrated in Figure 9. 
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Figure 9. Global CO₂ capture capacity of commercial-scale CCS installations[55]. 

The majority of large-scale commercial CCS projects are concentrated in the United States, which 
also leads in the proportion of projects that have progressed through the full project life cycle—from 
identification and evaluation to definition, execution, and operation. In almost all U.S. projects, 
enhanced oil recovery (EOR) serves as the primary method for CO₂ storage. Additionally, U.S. 
facilities have the highest CO₂ capture capacities globally, with the Century Plant capturing 8.4 
MtCO₂ annually and the Shute Creek Gas Processing Facility capturing 7 MtCO₂ per year [103]. 

China holds the second-largest number of CCS projects, but most remain in preliminary stages 
such as pre-feasibility and front-end engineering design (FEED) studies. Only the Yanchang 
Integrated CCS Demonstration has reached the execution phase. The CO₂ capture capacities of 
Chinese projects generally range from 0.4 to 2 MtCO₂ annually[104]. 

In Europe, Norway operates several CCS initiatives, including the Sleipner CO₂ Storage Project 
with an annual capture capacity of 1 MtCO₂, and the Snohvit CO₂ Storage Project, which captures 
approximately 0.7 MtCO₂ each year. Canada hosts five CCS projects, three of which are currently 
operational: the Great Plains Synfuel Plant and Weyburn-Midale Project capturing 3 MtCO₂ per year, 
the Boundary Dam CCS Project with a capacity of 1 MtCO₂ annually, and the Quest Project capturing 
close to 1 MtCO₂ per year. 

Additionally, active CCS facilities are present in Brazil, Saudi Arabia, and the United Arab 
Emirates, each with capture capacities ranging from 0.8 to 1 MtCO₂ per year [104]. 

A critical factor for the successful implementation of these CCS projects is the availability of 
secure geological storage sites for the captured CO₂. Moreover, progress toward operational phases 
depends on reliable financial backing and robust policy and regulatory support frameworks [104]. 
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5. Challenges of CCS Technologies 

5.1. High Costs and Energy Demand of CCUS Technologies 

One of the most frequently noted challenges of CCUS is its high cost. Establishing CCUS facilities 
requires substantial capital investment, while their operation demands significant energy input 
making the technology especially costly when energy prices are elevated. Additionally, uncertainties 
remain regarding the technological performance of CCUS systems. Nonetheless, with increasingly 
stringent climate targets and rising carbon prices, emission reductions are unavoidable. As such, the 
costs and risks of CCUS should be assessed relative to other decarbonization strategies rather than 
against the option of taking no action. Restricting CCUS deployment would likely increase 
dependence on alternative technologies that are presently more expensive and less mature. For 
instance, integrating CO₂ capture into steelmaking increases production costs by less than 10%, 
whereas switching to renewable hydrogen-based methods could increase costs by 35–70% compared 
to conventional processes [87,105]. 

Costs for CCUS are expected to decline as technology matures and deployment scales up. In the 
power sector, for example, the cost of CO₂ capture fell by 35% between the first and second large-
scale CCUS plants. Moreover, cost evaluations should also account for broader economic benefits. 
CCUS can enable energy-intensive industries to remain operational while aligning with net-zero 
goals, thereby safeguarding associated jobs and infrastructure from becoming stranded assets. While 
CO₂ leakage from storage sites could potentially cause environmental harm and negate intended 
emissions reductions, robust regulatory frameworks are already in place—and continue to evolve—
to guide site selection, operation, and monitoring. Many candidate storage locations are geologically 
well-characterized and have naturally stored gases, including CO₂, for millions of years, indicating 
that overall leakage risks are relatively low [87,105]. 

5.2. Infrastructure Challenges 

Captured CO₂ is generally injected into underground storage formations, often in depleted oil 
and gas reservoirs that have demonstrated the ability to securely contain hydrocarbons for millions 
of years. However, the storage capacity of these geological formations is finite, and not all locations 
are suitable for long-term sequestration. Identifying and evaluating viable storage sites is both time-
intensive and costly. In many cases, these sites are situated in remote areas, necessitating the 
transportation of CO₂ over long distances via extensive pipeline networks. The construction and 
upkeep of such pipelines involve substantial expenses, and their development can face opposition 
from the public. Similar cost challenges apply to the storage facilities themselves, as even pre-existing 
geological formations typically require modifications to ensure secure CO₂ containment and must be 
continuously monitored to prevent leakage. Furthermore, the integration of CCS infrastructure with 
existing industrial operations, such as power plants, adds another layer of complexity and expense 
[105]. 

5.3. Need for Improved Materials and Energy Efficiency 

Direct Air Capture (DAC) is among the latest CO₂ capture technologies and holds promise for 
achieving negative emissions; however, its widespread adoption is currently constrained by 
significant energy and material demands, primarily due to the need to handle large volumes of 
ambient air [106]. The process is not only highly energy-intensive but also dependent on advanced 
materials with superior adsorption and desorption capabilities to improve operational efficiency. 
Advancing DAC performance requires a stronger understanding of the capture mechanisms and 
reaction kinetics in both solid sorbents and liquid solvents, enabling the creation of materials that are 
highly selective, easily regenerable, and operable under mild conditions [107]. 

Similarly, post-combustion capture where CO₂ is separated from flue gases after fuel 
combustion faces limitations such as solvent degradation, low CO₂ concentrations in exhaust streams, 
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and the substantial energy required for solvent regeneration. These factors emphasize the need to 
refine capture materials and optimize process integration to lower operational expenses. For pre-
combustion capture, which removes CO₂ from fuel gas before combustion, and oxy-fuel combustion, 
which uses pure oxygen instead of air to generate a concentrated CO₂ stream, the challenges shift 
toward achieving high process efficiency and developing robust high-temperature materials, long-
lasting membranes, and effective heat management systems. While these approaches are generally 
more thermodynamically favorable, their commercial viability depends on further improvements in 
material durability and system efficiency. Across all capture pathways, progress in producing stable, 
scalable, and environmentally sustainable materials—such as next-generation solvents, sorbents, and 
membranes is essential [108]. Enhancements in materials science and energy efficiency will not only 
help reduce the levelized cost of CO₂ capture but also increase the public and political acceptance of 
carbon capture technologies, thereby supporting their deployment at commercial scale. 

6. Policies and Incentives for Widespread Adoption of CCS 

6.1. Public Funding 

In 2023, government backing for CCUS remained robust, with subsidy programs in the United 
States and Europe allocating over USD 20 billion to various initiatives. In the U.S., USD 1.7 billion 
was designated for carbon capture demonstration projects, alongside USD 1.2 billion earmarked for 
Direct Air Capture (DAC) hubs under the 2021 Infrastructure Investment and Jobs Act. The 
Netherlands’ SDE++ scheme committed more than USD 7.3 billion to CCS projects connected to the 
extensive Aramis CO₂ transport and storage network. Denmark’s CCUS Fund granted USD 1.2 billion 
to Ørsted for implementing capture technology at the Asnæs Power Station. Additionally, at the 
European regional level, the European Commission contributed around USD 1.5 billion through its 
Innovation Fund to support industrial CCUS projects, and over USD 500 million toward CO₂ 
transport and storage infrastructure under the Connecting Europe Facility [109]. 

In the United States, CCUS deployment has benefited from grant programs and an extensive 
research and development agenda. The expanded 45Q tax credit scheme has proven particularly 
effective in encouraging new project proposals. As a well-established policy tool successfully applied 
to accelerate renewable energy deployment tax credits are widely understood in the U.S. market. 
However, they may be less impactful in regions where CCUS is still emerging or where industrial 
applications carry higher costs [101]. 

In Europe, despite only two operational CCUS facilities at present, a significant number of 
projects are planned, primarily concentrated within industrial clusters that utilize shared CO₂ storage 
infrastructure. These initiatives cover sectors including cement production, gas-fired power plants, 
waste-to-energy operations, and hydrogen generation. Existing policy support encompasses 
competitive funding programs such as the EUR 10 billion Innovation Fund and the GBP 800 million 
UK CCS Infrastructure Fund, alongside direct government investments with risk-sharing 
arrangements exemplified by Norway’s Longship CCS project, and operational subsidies through 
schemes like the Dutch SDE++ program [101]. 

In regions with significant state-owned enterprise activity such as China and the Middle East 
direct public investment has played a central role in supporting early CCUS initiatives. In these 
contexts, state-owned entities could drive broader adoption of CCUS and, in some cases, stimulate 
demand for low-carbon products through strategic procurement policies [101]. 

6.2. Strategic Signalling 

Amid increasing global recognition of the need to accelerate CCUS development, 2023 witnessed 
the initiation of several key programs. Notably, the Carbon Management Challenge was launched at 
the Major Economies Forum in April 2023, calling on governments to fast-track CCUS technology 
deployment. By early 2024, Bahrain became the newest member, expanding the coalition to 20 
countries plus the European Commission. Concurrently, several nations have advanced their 
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national CCUS strategies: Canada finalized its Carbon Management Strategy at the end of 2023, while 
the European Commission released its Industrial Carbon Management Strategy in early 2024, setting 
targets to develop at least 50 Mt of capacity by 2030 and 280 Mt by 2040. France and Germany are 
also actively preparing their respective CCUS frameworks [109]. 

6.3. Cross-Border Collaboration 

Multiple regions are promoting cross-border cooperation to advance carbon capture, utilization, 
and storage (CCUS) efforts. In the North Sea, Denmark, Belgium, the Netherlands, and Sweden 
established formal agreements with Norway in April 2024 to enable the transnational transport and 
storage of CO₂. Additionally, Sweden and Denmark finalized a bilateral arrangement, and Denmark 
and France signed a similar pact in March 2024. These accords comply with the London Protocol, the 
international treaty regulating cross-border CO₂ transport for offshore sequestration. Meanwhile, 
Japan is actively pursuing amendments to the London Protocol and exploring CO₂ export 
possibilities. Two of Japan’s seven government-supported CCS projects focus on shipping captured 
CO₂ to Southeast Asia, bolstered by a cooperation agreement signed in September 2023 between 
Japan and Malaysia’s national oil company, PETRONAS, to facilitate cross-border CO₂ transport and 
storage [109]. 

Within the European Union, regulatory measures are setting clear and ambitious carbon capture 
goals, targeting the capture of at least 100 million tonnes of CO₂ annually by 2040 and 300 million 
tonnes by 2050. These objectives are driving increased investment in demonstration and commercial-
scale projects, encouraging advancements in capture technologies, and accelerating the development 
of supporting transport and storage infrastructure. Coupled with expanding public and private 
sector funding and greater regulatory certainty, carbon capture is positioned to play a pivotal role in 
comprehensive climate change mitigation strategies [72]. 

7. Conclusion and Outlook 

Carbon capture, utilization, and storage (CCUS) technologies are anticipated to account for 
roughly 8% of the total emissions reductions necessary to reach net-zero emissions by 2050, 
corresponding to an annual CO₂ reduction of about 6 gigatonnes. Given the practical challenges in 
fully eliminating fossil fuel use, CCUS remains a critical component of the carbon-neutral technology 
mix and serves as a fundamental technical strategy to support the temperature stabilization targets 
outlined in the Paris Agreement. 

Post-combustion CCS and oxy-combustion offer the greatest CO₂ capture efficiency for the iron 
and steel sector. Cement production is optimally suited to calcium looping, oxy-fuel combustion, and 
emerging direct capture systems to address process emissions. In the petrochemical and refining 
industries, post-combustion CCS, oxy-combustion, and chemical looping combustion provide 
effective pathways for process integration and enhanced energy efficiency. 

Direct Air Capture (DAC) demonstrates variable capacity, with modular solid sorbent systems 
capturing ≈36,000 t CO₂/year and large-scale units achieving 4,000 t CO₂/year via underground 
mineralization. Post-combustion capture at Mikawa plant in Japan reaches 180,000 t CO₂/year from 
power generation sources. Pre-combustion capture, as seen in China’s GreenGen IGCC project, is 
designed for up to 1 million t CO₂/year at full scale. The Callide oxy-fuel project in Australia captured 
~27,300 t CO₂/year, benefiting from a high ~80% CO₂ flue gas concentration. DAC emerges as a 
promising solution due to its deployment flexibility, lack of competition for land use, and capacity to 
remove legacy atmospheric CO₂. Moreover, DAC systems can support the production of synthetic 
clean fuels, offering pathways to reduce dependence on fossil energy sources. However, DAC 
remains capital-intensive, with current cost estimates ranging from $100 to over $1,000 per tonne of 
CO₂. 

For Direct Air Capture (DAC), further investigations are needed to design and optimize novel 
solvents and sorbents that maintain high performance under varying humidity conditions, thereby 
reducing energy consumption and operational costs. Additionally, efforts should be directed towards 
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scaling up lab-scale technologies through targeted studies aimed at improving their efficiency and 
cost-effectiveness. Moreover, it is essential to conduct comprehensive lifecycle assessments of CO₂ 
capture, storage, and conversion technologies to evaluate their overall environmental impact, 
economic viability, and sustainability across different deployment scenarios. 

Geological formations, particularly deep saline aquifers, and oceanic injection sites offer 
significant potential for long-term CO₂ storage, with an estimated global capacity of approximately 
2200 gigatonnes of carbon (GtC). However, to ensure optimal performance and environmental safety, 
further advancements are required in leakage prevention, long-term integrity assessment, and robust 
monitoring technologies. 

The research community should emphasize the integration of artificial intelligence (AI) and 
machine learning (ML) in optimizing cost-reduction strategies for Carbon Capture and Storage. These 
advanced computational tools can accelerate material discovery, process optimization, and 
predictive maintenance, thereby enhancing the overall efficiency and economic feasibility of CO₂ 
capture technologies. 

Stronger collaboration among policymakers, government agencies, environmental scientists, 
and industry stakeholders is crucial for the successful deployment and large-scale implementation of 
CCS technologies. Such coordinated efforts can facilitate informed decision-making, enable 
supportive regulatory frameworks, and ensure alignment with national and global climate mitigation 
goals. 
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