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Abstract: Carbon capture, Utilization and Storage (CCUS) technologies are rapidly evolving as a critical component of global
decarbonization strategies, particularly in hard-to-abate sectors such as natural gas processing, power generation, fertilizer, cement and
steel production industries. Amine-based absorption systems are currently the most established capture method, widely applied in large point
sources for natural gas processing and chemical industries. Alternatives such as membrane separation, adsorption, and direct air capture
are also emerging, offering benefits for specific applications. CO, transport is increasingly diversified, with supercritical CO_, pipelines and
liquefied CO_ shipping offering scalable and flexible solutions. CO_, storage is focused on deep saline aquifers and depleted oil and gas
fields. Carbon capture costs are project-specific and depend on CO, concentrations, facility size, and technology complexity, with costs
ranging from 30 to 120 US$/tco, The CCUS chain will undergo substantial development in the next decades, both in technological maturity
and economic viability. As of early 2025, the total global CCUS capacity was 50 million tonnes per annum (MTPA) and is expected to reach
1300 MTPA by 2050. Yet, this will cover only 6% of total global CO_, emissions, far from any net-zero carbon emissions scenario. By 2050,

modularization, improved materials, and process integration are expected to reduce investment costs by up to 30%.
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1. Introduction

The global decarbonization agenda has identified Carbon
Capture, Utilization and Storage (CCUS) as a critical technology for
climate change mitigation [1]. CCUS will enable the continued
operation of emission-intensive industries in a world that faces the
challenge of reducing greenhouse gas emissions while maintaining
economic growth. The International Energy Agency (IEA) and the
Intergovernmental Panel on Climate Change (IPCC) believe that
CCUS is essential for achieving net-zero emissions, especially in
hard-to-decarbonize sectors where large-scale electrification
remains economically and technically unfeasible [1].

In 2024, total global anthropogenic greenhouse gases (GHG)
emissions reached approximately 53.6 Gtcopeq, marking a new
record high [2]. Carbon dioxide (CO,) remains the largest
contributor to GHG emissions, with global fossil CO, emissions
reaching at 37.6 Gt in 2024 [3] and total CO, emissions (including
land use) reached 41.6 Gtco, [4]. CO, emissions accounted for
about 78% of total GHG emissions, with the majority originating in
energy-related activities [5]. Figure 1 shows the GHG emissions by
sectors in 2024. The largest sources of GHG involve: 1) fossil fuel
combustion for electricity and heat generation (33%), 2) fuel
consumption transportation (16%), 3) fuel consumption for the
manufacturing and construction industry (13%), 4) agriculture,
forestry, deforestation and livestock (12%), 5) fuel consumption for
industrial transformation processes (7%) not associated with
electricity or heat generation, 6) fuel combustion in residential and
commercial buildings (7%), 7) fuel extraction, refining, processing
and transport (6%), 8) waste disposal (3%) and 9) land use (3%).

The current state of CCUS deployment reveals significant
progress but also big challenges ahead. As of 2024, the global
CCUS capacity stands at 62 million tonnes of CO, per year (Mtco,),
with an additional 44 Mtco, of CCUS currently under construction
[1]. However, the actual operational capacity in 2024 was 41 Mtcgy,
reflecting the gap between CCUS theoretical and operational
capacities. This represents barely 0.1% of total global
anthropogenic CO, emissions (41.6 Gtco, in 2024). In order to
achieve a meaningful climate mitigation impact, CCUS will need a
massive scale-up required in the following decades.

In order to limit the increase of global temperature to 1.5 °C, the
most recent IEA scenario [6] states that CO, emissions from
energy conversion processes should be reduced to 23 Gtco, by 2030
and further to 6 Gtco, by 2050, down from the current level of 37
Gtcop- In contrast, current policies and trajectories foresee that
energy-related emission will remain close to present levels through
2030, which would likely result in global warming of up to 3.0 °C
by the end of the century. Achieving these ambitious reductions

requires a steep decline in the use of fossil fuels as well as the
massive deployment of renewable energy, energy efficiency, green
hydrogen and CCUS.

The CCUS technology comprises three primary components:
CO, capture from emission sources, transportation of the captured
CO, to storage or utilization facilities, and the permanent storage in
geological formations or the conversion to useful products [2]. Each
segment faces technological, economic, and regulatory challenges
that must be addressed to enable widespread CCUS deployment.
This paper examines the current state and future prospects of CCUS
technologies, addressing technological pathways, cost trajectories,
and deployment scenarios towards 2050. The paper presents a
detailed assessment of the technological maturity, economic
viability, and scaling potential of CCUS systems across different
sectors and regions.

Fig. 1. Global GHG emissions by sectors in 2024

2. Current State of CCUS Technologies
2.1. Carbon Capture Technologies

Carbon capture technologies have evolved significantly over the
past decades, with several approaches now demonstrating
commercial viability across different industries. The most mature
and widely deployed CCUS technology is based on amine
absorption, which currently accounts for the majority of the
operational CCUS capacity globally [7]. This technology uses
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chemical solvents, typically monoethanolamine (MEA) to absorb
CO, from flue gases before regenerating the solvent through
thermal treatment.

The technical readiness of CCUS technologies varies by
application and sector. For natural gas processing plants and coal-
fired power plants, amine absorption has reached Technology
Readiness Level (TRL) 9, representing full commercial
deployment. However, the same technology applied to aluminium
smelting operate at lower TRL levels due to different gas
compositions and operating conditions. The maturity of CCUS is
sector-specific, which stresses the importance of technology
adaptation rather than simple replication across different industries.

Currently, 85% of the global CCUS capacity is associated with
natural gas processing, where CO, separation is needed to meet
pipeline specifications for natural gas. Emerging carbon capture
technologies are gaining momentum as the industry seeks to reduce
costs and improve performance. Solid sorbent systems, which use
solid materials to adsorb CO, at low temperatures, offer advantages
in terms of energy efficiency and scalability to existing industrial
processes. Membrane separation, still in early development, offers
lower energy penalties and simpler integration compared to solvent-
based carbon capture because it avoids solvent regeneration. The
technology uses selective materials to separate CO, from gas
mixtures, making it attractive for modular and compact designs.
Key applications include natural gas processing, pre-combustion
capture for hydrogen and integrated gasification combined cycle
plants, biogas upgrading, cement and steel production industries.

The energy penalty associated with carbon capture remains a
significant concern, particularly for power generation applications.
Current amine-based systems typically increase the energy
consumption and reduce the power plant efficiency by 5 to 10
percentage points. Research efforts focus on developing next-
generation solvents and process intensification to reduce this
penalty while maintaining high capture rates.

2.2. CO;, transport

CO, transport includes different transport modes depending on
transport quantities and distances. North America leads in the CO,
transport infrastructure, with over 8,000 km of operational
pipelines, primarily serving enhanced oil recovery (EOR) projects.
These pipelines operate with supercritical CO, at pressures above
80 bar, which enables the transport of large CO, volumes over long
distances. Figure 2 shows how the CO, density changes as function
of its pressure and temperature. CO, must be cooled and
compressed before pipeline transport to convert it into a liquid or
supercritical phase, which significantly reduces its volume and
enhances pipeline safety, reduces costs, and simplifies flow control.
The critical point of CO, occurs at 31.1 °C and 73.8 bar.

CO, temperature:
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Fig. 2. CO, density as function of pressure and temperature
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The choice between pipeline and ship transport depends on
several factors: distance, quantity, existing infrastructure and
macroeconomic factors. Pipelines are generally preferred for large
volumes over short and medium distances, while shipping becomes
more cost-effective for long distances and between geographically
dispersed sources. The Northern Lights project in the North Sea
uses ship-based CO, transport to collect CO, from multiple
European sources for offshore storage in the depleted oil and gas
fields beneath the North Sea.

Figure 3 represents the pressure-enthalpy chart of typical CO,
compression and intercooling process. In the p-h chart, the inlet is
gaseous (pi, = 1.5 bar, t;, = 35 °C, pi, = 2.6 kg/m®) while the outlet
is supercritical (Poyt = 200 bar, to, = 35 °C, pout = 865.7 kg/m°). The
last compression stage represents CO, pumping before permanent
injection and storage in a dedicated geological formation.
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Fig. 3. Pressure-enthalpy chart for CO, compression, intercooling
and pumping process before storage in geological formation

Ship transport of CO, requires additional processing steps,
including CO, compression, cooling, liquefaction and storage at
both departure and arrival ports. The complexity of ship transport
systems is higher than pipeline transport, but it offers greater
flexibility where pipelines are not economically viable.

2.3. CO, storage

CO, storage focuses primarily mostly on depleted oil and gas
fields and deep saline aquifers. Depleted hydrocarbon fields benefit
from extensive geological characterization, proven containment
capability, and existing infrastructure. However, they may have
limited storage capacity and face challenges related to residual
hydrocarbons. Deep saline aquifers offer larger storage potential
and have fewer wellbore penetrations, reducing leakage risks.
However, they require higher development costs due to lacking
infrastructure and insufficient geological characterization. Carbon
storage projects require permanent containment and monitoring.
Typically, operators maintain responsibility for CO, storage sites
for at least 20 years after ceasing operation. This long-term
commitment is factored into project costs and risk assessment.

The Northern Lights CCUS project [7] is a pioneering initiative
developed by Equinor, Shell, and Total Energies. It enables the
transport and permanent storage of CO, captured from industrial
emitters across Europe. The project will collect CO2 from Europe’s
hard-to-abate industries such as cement production, biomass-fired
power plants, and fertilizer production. In Phase 1, completed in
2024, an on-shore terminal near Bergen handles 1.5 million tonnes
of CO, annually. The CO, is compressed, liquefied and then
transported via a 100 km subsea pipeline to a saline aquifer 2,600
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meters beneath the North Sea. Phase 2 will increase the project
capacity up to 5 million tonnes per year by 2028. Over a 25-year
period, the project will inject and store a total of 37.5 million tonnes
of CO,, making it a key part of Europe's strategy to reduce
industrial emissions.

As in the North Sea, several CCUS projects are currently under
development in the Mediterranean basin. The Ravenna CCUS in
Italy’s Adriatic Sea began with Phase 1 in 2024 by capturing 25,000
tonnes of CO, per year, with plans to scale the project to 4 million
tonnes per year by 2030 [7]. It uses depleted offshore gas fields for
the permanent storage of the captured CO, from natural gas
processing plants. In Greece, the Prinos CCUS project aims to
capture CO, from cement plants and store up to 3 million tonnes per
year in depleted oil fields in the Aegean Sea, with first operations
expected in 2026. The KOdeCO CCUS project in Croatia aims to
achieve net-zero emissions from the Koromaéno cement plant by
2028. The project has a planned capacity of 0.367 million tonnes
per year and the CO, is directly captured from the flue gases
produced during clinker manufacturing. This technology achieves
CO, capture rates between 85% and 95%, even from gas streams
with CO, fractions as low as 15%. It uses pressure swing
adsorption (PSA) technology, which captures CO, at high
pressures using an adsorbent material. Once the adsorbent is
saturated with CO, , the pressure is rapidly lowered (hence the
swing in pressure) and the CO, is released from the adsorbent. The
captured CO, is then liquefied and transported to permanent
storage in a dedicated offshore geological formation. Depleted gas
fields in the Northern Adriatic Basin are considered as potential
storage sites.

The Gorgon CCUS project is located on the Barrow Island, off
the coast of Western Australia. It began CO, injection operations
in 2019 and is designed to store 4 million tonnes of CO, per year,
with a total target of 120 million tonnes over the lifetime. It is the
largest dedicated geological CO, storage project in the world. The
CO, originates from natural gas processing, which contains 14%
CO, . Amine-based separation technology is used to remove CO,
before liquefying natural gas into LNG. After separation, the CO,
is compressed and transported via pipelines to nine deep injection
wells, which store it in the Dupuy Formation approximately 2,300
meters underground, sealed beneath a thick shale cap. The project
was expected to capture 80% of the reservoir CO, but due to
operational limitations, it is capturing only about 30%. As of 2024,
about 10 million tonnes of CO, has been stored, which is less than
half of what was initially projected. The cost of the project has also
escalated, pushing the capture and storage costs to US$135/tco,.
Despite the challenges, Gorgon is one of the few large-scale CCUS
operational projects in the world, offering valuable lessons in the
technical and economic complexities of carbon storage.

Carbon storage costs vary significantly by location and storage
type. North America benefits from the lowest storage costs, with an
average of US$17/tco,, due to extensive onshore storage options
and established EOR infrastructure. Europe faces higher storage
costs of around $23/tco,, primarily due to the reliance on offshore
storage sites.

3. CCUS cost pathways
3.1. Present costs

Present costs of CCUS varies across applications, sectors, and
regions, reflecting different technological and economic conditions.
Current costs of CCUS typically exceed US$100/tco, for power
generation and industrial applications, while crude oil refining can
experience costs above US$200/tco,. These numbers represent the
total cost of CO, avoided, accounting for the entire CCUS chain
including capture, compression, transport, and storage.

Exceptions exist in industries where CO, capture is already
well-established and an integral part to the production process.

Natural gas processing, ammonia and ethanol production, often
achieve costs below US$100/tco,. For example, bioethanol
production achieves costs as low as US$30/tco, due to CO,
concentrations exceeding 90% in the processed stream. In contrast,
power generation applications achieve costs of US$60-120/tco,
because CO, concentrations in flue gases are much lower, between
3 and 15%.

The cost structure of CCUS is as follows. Carbon capture
represents the largest cost component, accounting for 70% of total
costs in most applications. An exception is natural gas processing,
where carbon capture accounts for 30-50% of total costs. Storage
costs are generally the smallest component, representing 10-20% of
total costs. Transport costs may vary between 20% and 40% of total
costs, depending on transport mode and distances.

The scale of the CCUS project largely impacts capital costs,
where larger facilities benefit from the economy of scale. A study
found that CCUS costs from natural gas power plants decreased
from US$120/tco, to US$75/tco, as the carbon capture capacity
increased from 0.07 to 0.66 Mtco, per year. This underscores the
importance of developing large-scale applications and shared
infrastructure to achieve cost-competitive CCUS projects.

3.2. Future costs

The CCUS chain is expected to achieve significant cost
reductions over the coming decades, driven by technological
improvements, economies of scale, and the learning curve. The
learning rate cost reduction is the percentage reduction in cost for
every doubling of cumulative capacity. The learning rate for CCUS
is estimated at 13% for each doubling of the installed capacity,
which is lower than the learning rates observed in renewable energy
technologies. Projections foresee an average cost reduction of 15%
by 2030 and up to 40% by 2050, as shown in Figure 4. These
projections are based on historical learning curves from comparable
technologies and industries. Modularization and standardization of
CCUS systems and components could ensure near-term cost
reductions. CO, transport and storage also hold cost reduction
potential. In Europe, where CO, transport and storage costs are
highest due to the use of offshore storage sites, projections indicate
cost reductions of 20% by 2030 and 40% by 2050 [1, 7]. These
improvements will be driven by economies of scale, technological
advances in offshore operations, and the development of onshore
storage options as public acceptance improves.
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Fig. 4. The cost learning curve of CCUS

Significant regional variations in CCUS costs reflect differences
in the macroeconomic and regulatory environments, and the
availability of the infrastructure. North America currently has the
lowest overall CCUS costs due to the existing infrastructure in the
EOR sector, established regulatory frameworks, and favourable
geology for onshore storage. European costs are currently higher
because offshore storage sites and more complex transport systems
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are used instead. However, Europe’s Emission Trading System (EU
ETS) and strong policy support are rapidly improving the CCUS
deployment. The EU ETS is a cap-and-trade carbon market that
limits greenhouse gas emissions from major emitters by allowing
companies to buy, sell, or trade emission allowances, with the goal
of reducing emissions over time. The EU carbon price is projected
to double by 2030, reaching $150/tco, in 2030 and $250/tco, in
2050 [1]. The EU ETS is expected to provide a strong economic
incentive for emission reductions and the further development of
low-carbon technologies, CCUS included. The capital costs of
CCUS projects vary significantly by region and project type and
technologies involved. Typically, CCUS projects are capital-
intensive with long payback periods.

4. CCUS deployment scenarios

The period through 2030 includes numerous CCUS projects
under development expected to increase the total CCUS capacity to
about 210 Mtco,/yr. This represents a five-fold increase from the
current operational capacity of 41 Mtco,/yr. North America and
Europe are expected to drive the majority of capacity additions
through 2030, accounting for two-thirds of new CCUS projects.
Carbon capture from natural gas processing will continue to
dominate, representing 34% of total capacity in 2030. However, this
share will decline in the following decades as hydrogen and
ammonia production will be driven by the growing demand for low-
carbon fuels and chemicals.

The decade of 2031-2040 is projected to witness accelerated
deployment as CCUS costs decline and policy support strengthens.
Global capture capacity is expected to reach 640 Mtco,/yr by 2040.
Manufacturing and energy supply are expected to drive the majority
of growth during this period, with cement, steel and chemical
industries as well as crude oil and natural gas processing plants
adopting CCUS at large scale. These sectors face limited alternative
for decarbonization, making CCUS essential for meeting emission
reduction targets.

The decade of 2041-2050 is expected to see CCUS deployment
reach maturity, with global capacity totalling 1300 Mtco,/yr by
2050 [8]. By 2050, all major point sources of carbon emissions in
Europe should have access to the CO, transport and storage
infrastructure. CCUS will evolve into a crucial technology within
global climate mitigation efforts. However, this level of deployment
will capture only 6% of global CO, emissions, highlighting the
continuous need for emission reductions across all sectors. By 2050,
manufacturing will account for 540 Mtcg,/yr of the captured CO,,
followed by energy supply (360 Mtcoo/yr), electricity generation
(230 Mtcoofyr), maritime transport (110 Mtcoy/yr) and other
applications (60 Mtco,/yr).

Maritime transport will emerge as a new application area, with
onboard carbon capture systems deployed on large commercial
vessels. Carbon scrubbers will capture onboard CO, emissions from
exhaust gases. The captured CO, will be stored in pressurized tanks
for later discharge at port reception facilities or for injection in
dedicated offshore sites. Ship carriers will transport liquefied CO,
from emission point sources to permanent storage or utilization
sites. CCUS will allow ships to continue operating on existing fuels
while meeting severe emissions regulations, until green fuels and
propulsion systems will replace conventional ones. Retrofitting
existing vessels with modular CCUS units will become increasingly
feasible, with recent trials demonstrating capture rates of 70-90%
for onboard installations, although with challenges concerning
energy consumption and storage space limitations. Maritime CCUS
will also require increasing investment in port facilities for handling
the captured CO, and feeding it into pipelines for permanent
storage or industrial utilization.

Amine-based absorption will remain the dominant carbon
capture technology in the near term while alternative technologies
will gain market share as they demonstrate superior performance in

specific applications. Non-amine chemical solvents, solid sorbents,
membrane separation and hybrid systems could offer advantages in
specific applications. Direct air capture (DAC) will evolve from
demonstration to commercial scale, reaching a total capacity of 100-
200 Mtco, by 2050. However, the main disadvantages of DAC are
the high energy needs and operating costs. Because of the low CO,
concentration in the atmosphere (around 400 ppm or 0.04%), the
minimum energy need of DAC is 480 kJ/kg while the costs are
estimated at around $350/tco, through 2050. Post-combustion
capture on a gas stream with 12% CO, achieves a minimum
theoretical need of 166 kl/kg while carbon capture from oxy-fuel
combustion with a gas stream with 80% CO, achieves 34 kJ/kg [8].
Besides capture energy demands, CCUS needs around 200 kJ/kg of
compression energy for converting CO, into a supercritical state of
200 bar, which is suitable for pipeline transport and injection in
deep geological formations.

5. Conclusions

CCUS technologies are expected to expand substantially in the
next decades, from 41 Mtco,/yr currently to 1300 Mtcoo/yr by 2050.
Carbon capture and storage costs will reduce with the technological
advancement and learning effects, with estimates indicated cost
reductions of 14% by 2030 and up to 40% by 2050. Despite the
promising outlook, significant challenges remain. The projected
capture of 1300 Mtcoo/yr will represent only 6% of the global
emissions by 2050.

The economic viability of CCUS will depend upon carbon
pricing and trading mechanisms as well as robust policies.
International efforts should be undertaken to avoid competitive
imbalances between regions with high carbon pricing and those
with low carbon prices. Present-day CCUS projects costs typically
range from $75 to $140/tco, . CCUS costs for natural gas processing
are at the lower end while the CCUS costs for power generation,
steel and cement production are at the higher. By 2050, CCUS costs
are expected to decline by about 40% from current levels, giving
range of $40-80/tco, . DAC costs remain persistently higher, even
by 2050, at around $350/tco, due to higher energy demands.

CCUS technologies represent a critical component for global
decarbonization efforts, with the largest potential in hard-to-abate
sectors such as in the cement and steel production industries, in the
petrochemical industry, electricity production and maritime
transport. CCUS can be integrated into future power-to-gas grids by
capturing CO, from power plant emissions, converting the
captured CO, and green hydrogen into synthetic methane, which
could be stored or used in the existing natural gas infrastructure.
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