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1 Supplementary Figures

Fig. S1 | Feasibility space of CCS deployment for the acceleration phase in 2030-2040 compared
to IPCC AR6 pathways. CCS capacity and market penetration achieved by 2030 (x-axis) versus a 10-year
moving compound annual growth rate (CAGR) in 2030-2040 (y-axis). 1.5°C- and 2°C-compatible pathways [1, 2]
shown as dots and their distribution forms the 2D-density plot (from purple to yellow). Black lines show historical
acceleration rates of nuclear (1961-1978), wind (1995-2017), and solar power (2008-2022) as reference cases for
CCS (Table 1). Dark red line shows the historical acceleration of FGD (1972-1986) as a reference case for the
capture component of CO2. Reference cases are shown in the context of ref. [3] who calculate a similar metric
for a broader range of technologies (Methods). The maximum feasible capacity in 2030 makes up the feasibility
frontier along the x-axis (0.37 Gt/yr or 1.8% of the market, Fig. 2). Acceleration for reference cases make up the
three feasibility frontiers (black lines) for CCS acceleration in 2030-2040. Dashed lines illustrate the continuation
of these reference cases under higher than realistic CCS capacity by 2030. Blue and green isolines show different
combinations of the two metrics that lead to the median CCS capacity in 1.5°C- and 2°C-compatible pathways
respectively (Table 2) regardless of feasibility considerations. The x-axis of this figure is cut at 10% capacity
(ca. 2.1 Gt/yr), thus excluding 47 1.5°C pathways (20%) and 33 2°C pathways (8%) with CCS capacity up to 21
Gt/yr by 2030. Density plots are constructed from the entire sample of pathways (n=218 for 1.5°C, n=423 for
2°C).
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Fig. S2 | CCS capacity (incl. BECCS and DACCS) for reaching different temperature targets in
the IPCC AR6 scenario ensemble [2]. This figure illustrates CCS capacity (Gt/yr) among C1-C6 IPCC
Scenario Categories in 2030-2100. Categories vary by the global mean surface air temperature change by 2100:
C1 pathways stay below 1.5°C with no or limited overshoot with a 50% probability (n=91); C2 - below 1.5°C
with high overshoot (n=127); C3 - likely below 2°C (n=278); C4 - below 2°C (n=145); C5 - below 2.5°C (n=199);
C6 - below 3.0°C (n=88) [1]. C1 and C2 are thus grouped as 1.5°C-compatible; C3 and C4 as 2°C-compatible;
C5 as 2.5°C- and C6 as 3°C-compatible. Numbers in brackets show the number of pathways in each category
(Methods). The box-plots show the interquartile range (IQR) with the median marked with a black line and
whiskers extending from the IQR range to nonoutlier minimum and maximum. Violin plots show the distribution
of these values within each pathway group.
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Fig. S3 | Average growth model parameters of CCS deployment in the IPCC AR6 scenario
ensemble, grouped by temperature outcome. a, maximum annual growth rates (G, Gt/yr), the year
of maximum growth (TMax), and maximum capacity (saturation level, in Gt/yr) in 1.5°C-, 2°C-, and 2.5°C-
compatible pathways. b, interquartile ranges (IQR) of G by temperature group (n=218 for 1.5°C, n=418 for
2°C, n=199 for 2.5°C). c, IQR of the year of maximum growth (TMax) by temperature group (same samples
as in panel B). The box-plots show the interquartile range (IQR) with the median marked with a black line and
whiskers extending from the IQR range to nonoutlier minimum and maximum. Each parameter is calculated
from fitting Gompertz and logistic growth function (Methods). Average values of the two models are used. Panel
A of this figure does not display 18 outliers (<2% of pathway sample) where G>2 Gt/yr or where TMax=NA
due to no deployment of CCS – these observations are still included in the calculation of interquartile ranges in
panels B and C. Detailed data on parameters for each model are available in ref. [4].
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Fig. S4 | Illustration of the approach to estimate potential CCS market in the IPCC AR6 scenario
ensemble (Methods). To calculate the size of the market, we convert net CO2 emissions (black line) to
gross as the sum of the former with the overall CCS capacity in fossil-fuel based and industrial sectors (blue),
emission reductions achieved through non-CCS negative emission technologies (pink) and negative emission CCS
technologies (green). Thus, grey and blue areas together correspond to the amount of CO2 that enters the
atmosphere in year t (in sectors with capturable emissions) before being captured or offset. To that, we add
BECCS and DACCS capacity (green) as negative emissions delivered by CCS technologies in year t (in climate
pathways).
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Fig. S5 | Sensitivity analysis of long-term outcomes of CCS deployment to the more optimistic and
more pessimistic assumptions about the metrics of the three phases of growth in 1.5°C- and 2°C-
compatible IPCC AR6 pathways. The figure illustrates how different combinations of constraints (Table 1)
in the formative, acceleration (x-axis), and stable growth (columns) phases affect the cumulative CO2 capture
and storage between 2030 and 2070 (left y-axis) and the share of IPCC pathways that satisfy these assumptions
(right y-axis). On the x-axis, ‘All pathways’ depicts all IPCC pathways [2]: n=218 for 1.5°C in top panels and
n=423 for 2°C pathways in bottom panels. ‘OptF’ and ‘PessF’ depict optimistic and pessimistic constraints
in the formative phase (0% failure rate and plans doubling between 2023 and 2025; 88% and current plans);
‘OptA’ and ‘PessA’ are optimistic and ”pessimistic” constraints in the acceleration phase (acceleration rate of
FGD and wind respectively, Fig. 3), ‘CentralF’ and ‘CentralA’ are the assumptions about the formative and
acceleration phases used throughout this study (Table 1, Fig. 4, Methods). As for the stable growth phase, the
right column (’G2022 w/o FGD’) of the figure depicts the outcomes with the assumption of maximum growth
rate used throughout this study (global nuclear power deployment), whereas the left column (’G2022 w/ FGD’)
depicts the outcomes with the assumption of the maximum growth rate of global FGD deployment (Extended
Data Table 1). Violins and boxplots illustrate cumulative CO2 capture and storage between 2030 and 2070 (in
Gt, left y-axis): the box-plots show the interquartile range (IQR) with the median marked with a black line and
whiskers extending from the IQR range to nonoutlier minimum and maximum. Grey bars illustrate the share of
pathways in each group (right y-axis) relative to ’All pathways’. Black horizontal line marks cumulative capture
of 200 Gt. See Supplementary Table 7 for detailed results of the sensitivity analysis.
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Fig. S6 | Relationship between medium-term (2040) CCS capacity (Gt/year) and long-term
amount of CO2 captured and stored (by 2070, in GtCO2) in the IPCC AR6 pathways. The relation-
ship is illustrated separately for IPCC AR6 1.5°C- (n=218) and 2°C-compatible (n=423) mitigation pathways
[2]. Blue line illustrates the linear regression trend, whereas grey band illustrates a 95% confidence interval.
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Fig. S7 | Gompertz and logistic curve fit of CCS deployment in mitigation pathways [2] consistent
with our analytical approach to project feasible deployment of policy-driven technologies (i.e.
”vetted”, Methods). Colored lines illustrate growth curve fits – Gompertz (orange) and logistic (blue), dots
illustrate inflection points of each curve. IMP-LED pathway (first row, second column) is displayed empty as it
does not project any CCS capacity.
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Fig. S8 | CCS market size over time in mitigation pathways [2] consistent with our analytical
approach to project feasible deployment of policy-driven technologies (i.e. ”vetted”, Methods).
See Supplementary Fig. 4 and Methods for the illustration and description of the approach to estimate potential
CCS market in the IPCC AR6 scenario ensemble.
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Fig. S9 | Formative phase deployment (until 2030) of mitigation pathways [2] consistent with our
analytical approach to project feasible deployment of policy-driven technologies (i.e. ”vetted”,
Methods). IMP-LED pathway is not displayed in this figure as it does not project any CCS capacity.
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Fig. S10 | Acceleration phase growth of mitigation pathways [2] consistent with our analytical
approach to project feasible deployment of policy-driven technologies (i.e. ”vetted”, Methods).
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Fig. S11 | Maximum growth rates of mitigation pathways [2] consistent with our analytical ap-
proach to the feasibility of policy-driven technologies’ deployment (i.e. ”vetted”, Methods). IMP-
LED pathway is not displayed in this figure as it does not project any CCS capacity and hence does not have
TMax.
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2 Supplementary Tables

Table S1 | Total planned CCS capacity before and after the start of the second wave of CCS
interest and historical failure rates of CCS projects by subsector. “Sector” represents IPCC Sector
categories, whereas “Subsector” distinguishes between more specific types of CCS applications (Methods, Fig.
2, Extended Data Fig. 1, Supplementary Table 3). BECCS – Bioenergy with Carbon Capture and Storage;
DACCS – Direct Air Capture and Storage; NGP – Natural Gas Processing. Plans are divided in two periods
– from 1972-2017 and from 2018-2022 since 2018 is the year the second wave of CCS interest started (Fig. 2).
“Other” combines CCS applications with a small number of planned projects (N<5 for each application).
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Table S2 | Publicly available CSS project databases
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Table S3 | Definitions of sectors in CCS Projects Database used in this study

Sector Subsectors IPCC Variable Definition

Fossil 

Electricity

Coal Power, 

Natural Gas Power

Carbon 

Sequestration|CCS|F

ossil|Energy|Supply|

Electricity

total carbon dioxide emissions captured from fossil fuel use 

in electricity production (part of IPCC category 1A1a) and 

stored in geological deposits (e.g. in depleted oil and gas 

fields, unmined coal seams, saline aquifers) and the deep 

ocean, stored amounts should be reported as positive 

numbers

Fossil 

Industry

Hydrogen (Coal), 

Hydrogen (Oil), 

Hydrogen (NG), 

CTL ("coal-to-

liquids"), Ethylene

Carbon 

Sequestration|CCS|F

ossil|Energy|Demand

|Industry + Carbon 

Sequestration|CCS|F

ossil|Energy|Supply 

(excl. Electricity)

total carbon dioxide emissions captured from fossil fuel use 

outside of electricity production and stored in geological 

deposits (e.g. in depleted oil and gas fields, unmined coal 

seams, saline aquifers) and the deep ocean, stored 

amounts should be reported as positive numbers

BECCS 

Electricity
Bioenergy, Waste

Carbon 

Sequestration|CCS|Bi

omass|Energy|Suppl

y|Electricity

total carbon dioxide emissions captured from bioenergy 

use in electricity production (part of IPCC category 1A1a) 

and stored in geological deposits (e.g. in depleted oil and 

gas fields, unmined coal seams, saline aquifers) and the 

deep ocean, stored amounts should be reported as positive 

numbers

BECCS 

Industry

Ethanol, Pulp and 

Paper

Carbon 

Sequestration|CCS|F

ossil|Energy|Demand

|Industry + Carbon 

Sequestration|CCS|F

ossil|Energy|Supply 

(excl. Electricity)

total carbon dioxide emissions captured from bioenergy 

use outside of electricity production and stored in 

geological deposits (e.g. in depleted oil and gas fields, 

unmined coal seams, saline aquifers) and the deep ocean, 

stored amounts should be reported as positive numbers

Industry: 

Process

Cement, Iron and 

Steel

Carbon 

Sequestration|CCS|In

dustrial Processes

total carbon dioxide emissions captured from industrial 

processes (e.g., cement production, but not from fossil fuel 

burning) use and stored in geological deposits (e.g. in 

depleted oil and gas fields, unmined coal seams, saline 

aquifers) and the deep ocean, stored amounts should be 

reported as positive numbers

NGP
Natural Gas 

Processing

fugitive emissions captured from the extraction and 

processing of the natural gas prior to its shipment and 

stored in geological deposits (e.g. in depleted oil and gas 

fields, unmined coal seams, saline aquifers) and the deep 

ocean

DACCS Direct Air Capture

Carbon 

Sequestration|Direct 

Air Capture

total carbon dioxide sequestered through direct air capture
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Table S4 | Definitions of regions in CCS Projects Database used in this study

Region Description Countries

R10NORTH_AM

countries of North America; 

primarily the United States of 

America and Canada

Canada,  Guam,  United States of America

R10EUROPE

countries of Eastern and 

Western Europe (i.e., the EU28), 

can include Turkey

Austria, Belgium, Croatia, Denmark, France, 

Finland, Spain, Sweden, Germany, 

Greece,  Iceland, Ireland, Italy, Luxembourg, 

Netherlands, Norway, Portugal, Switzerland, 

Turkey, United Kingdom

R10PAC_OECD countries of the Pacific OECD
Australia, Japan, New Caledonia, New Zealand, 

Samoa, Solomon Islands, Vanuatu

R10REF_ECON

countries from the Reforming 

Economies of Eastern Europe 

and the Former Soviet Union; 

primarily Russia

Armenia, Azerbaijan, Belarus, Georgia, 

Kazakhstan, Kyrgyzstan, Republic of Moldova, 

Russian Federation, Tajikistan, Turkmenistan, 

Ukraine, Uzbekistan

R10CHINA+
countries of centrally-planned 

Asia; primarily China

China (incl. Hong Kong), Cambodia, Korea 

(DPR), Laos (PDR), Mongolia, Viet Nam

R10INDIA+
countries of South Asia; primarily 

India

India, Afghanistan, Bangladesh, Bhutan, 

Maldives, Nepal, Pakistan, Sri Lanka,

R10REST_ASIA other countries of Asia

(in not in India+/China+)  Afghanistan, 

Bangladesh, Bhutan, Fiji, Maldives, Nepal, 

Pakistan, Sri Lanka, Cambodia, Korea (DPR), 

Laos (PDR), Mongolia, Viet Nam

R10AFRICA countries of Sub-Saharan Africa

Angola, Benin, Botswana, British Indian Ocean 

Territory, Burkina Faso, Burundi, Cameroon, 

Cape Verde, Central African Republic, Chad, 

Comoros, Cote d'Ivoire, Congo, Djibouti, 

Equatorial Guinea, Eritrea, Ethiopia, Gabon, 

Gambia, Ghana, Guinea, Guinea-Bissau, Kenya, 

Lesotho, Liberia, Madagascar, Malawi, Mali, 

Mauritania, Mauritius, Mozambique, Namibia, 

Niger, Nigeria, Reunion, Rwanda, Sao Tome 

and Principe, Senegal, Seychelles, Sierra Leone, 

Somalia, South Africa, Saint Helena, Swaziland, 

Tanzania, Togo, Uganda, Zaire, Zambia, 

Zimbabwe

R10MIDDLE_EAST

countries of the Middle East; 

Iran, Iraq, Israel, Saudi Arabia, 

Qatar, etc.

Iraq, Iran (Islamic Republic), Israel, Kuwait, 

Lebanon, Oman, Qatar, Saudi Arabia, United 

Arab Emirates

R10LATIN_AM
countries of Latin America and 

the Caribbean

Argentina, Bahamas, Barbados, Belize, Bolivia, 

Brazil, Chile, Colombia, Costa Rica, Cuba, 

Dominican Republic, Ecuador, El Salvador, 

Guadeloupe, Guatemala, Guyana, Haiti, 

Honduras, Jamaica, Martinique, Mexico, 

Netherlands Antilles, Nicaragua, Panama, 

Paraguay, Peru, Puerto Rico, Suriname, 

Trinidad and Tobago, Uruguay, Venezuela

R10ROWO

Rest of the World - to be used 

only if decent match with the 10 

regions can otherwise not be 

achieved
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Table S5 | Failure rates of large-scale technologies globally, calculated from ref. [5, 6]. The range
of reference cases for failure rate of CCS projects are highlighted with grey. Failure rates of other technologies
are calculated as a share of historically planned capacity that was not realised (as of 2013 and 2022). Emerging
solar includes concentrated solar power (CSP), floating solar, and other non-photovoltaic solar power projects.

Table S6 | CCS capacity in 2030 based on a range of assumptions about planned projects and their
failure rates.
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Table S7 | Sensitivity of long-term outcomes of CCS deployment to different combinations of
assumptions about the formative, acceleration, and stable growth phases in the existing IPCC
AR6 scenario ensemble. The first (upper) panel of this compound table shows the cumulative CO2 capture
and storage between 2030 and 2070 (Gt) in the IPCC AR6 scenario ensemble [2]. The remaining panels of
the table illustrate how different combinations of assumptions about growth metrics (Table 1) in the formative,
acceleration (first two columns), and stable growth (remaining columns) phases affect this outcome value (median,
Q1, Q3, 95th percentile, and maximum) and the number of pathways that satisfy these assumptions (N), for
1.5°C (second panel), 2°C pathways (third panel), and combined (fourth panel).
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Table S8 | Sensitivity of long-term outcomes of CCS deployment to different combinations of
assumptions about the formative, acceleration, and stable growth phases in the existing IPCC
AR6 scenario ensemble. The first (upper) panel of this compound table shows the cumulative CO2 capture
and storage between 2030 and 2100 (Gt) in the IPCC AR6 scenario ensemble [2]. The remaining panels of
the table illustrate how different combinations of assumptions about growth metrics (Table 1) in the formative,
acceleration (first two columns), and stable growth (remaining columns) phases affect this outcome value (median,
Q1, Q3, 95th percentile, and maximum) and the number of pathways that satisfy these assumptions (N), for
1.5°C (second panel), 2°C pathways (third panel), and combined (fourth panel).
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Table S9 | Capital costs of projects involving CCS [7–10] and selected reference cases [11–14]. For
CCS, we use successful projects or projects under construction as benchmarks. For reference cases, capital costs
are collected from early deployment periods (formative or acceleration phase): 1970’s for nuclear power, 2000 for
wind, 2010 for solar, and 1975 for FGD. Costs are then adjusted to US$2024 using CPI Inflation Calculator [15]
and then adjusted for project size to provide approximate cost estimates for 240 MW for projects in the power
sector and 1 MtCO2/yr in the industry sector.
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Table S10 | Median and IQR of CCS capacity variables in IPCC AR5 [16], SR1.5 [17–19], AR6, and
AR6 IMP [1, 2] pathways for reaching 1.5°C degree warming by the end of the century. ”Capacity
20 years after publication” is calculated using linear extrapolation between decadal values in the IPCC pathways:
for AR5 (2014), this corresponds to the CCS capacity achieved by 2034, for SR1.5 (2018) – 2038, and for AR6
(2022) – 2042.

Table S11 | Summary of mitigation pathways [2] consistent with our analytical approach to the
feasibility of policy-driven technologies’ deployment (i.e. ”vetted”, Supplementary Note 6). Vetted
pathways are grouped by their deployment parameters in the three phases of growth into three groups (”Vetting
group”) described in Supplementary Note 6.
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3 Supplementary Notes

Supplementary Note 1: CCS Projects Database

To study historical failure rates of CCS projects, we built a dataset of completed, failed, and currently
planned commercial (at least 0.1 Mt/yr capacity) CCS projects starting from 1972, the completion year
of the first integrated CCS project (Terrell natural gas processing plant). For each project, we coded: the
capture rate; project announcement and completion year; facility status (e.g. active, failed, planned);
facility operation start and end years; CO2 storage type (e.g. enhanced oil recovery or dedicated geological
storage); sectoral and subsectoral application, country; and region (Supplementary Tables 3-4).

For the database, we documented both the first and second wave of CCS interest. For the first
wave, we reviewed annual reports from the Global CCS Institute (GCCSI) which contain entries on
CCS projects under development, as well as past and existing databases listing planned CCS projects at
different points in time ([20–23], full list in Supplementary Table 2). We also cross-checked our entries
for the first wave and captured the second wave from the recently published (March 2023) IEA CCUS
Projects Database [24] which focuses on planned projects during the second wave of CCS interest (from
app. 2018).

To identify projects that might have been missed in the above-mentioned sources and to fill in data
gaps concerning all projects, we conducted a systematic Google search in November and December 2021,
using the search string “[country name] + CCS projects” and “[country name] + carbon capture project”
reviewing results from the first three results pages for evidence of missing projects and variables. To
fill any data gaps related to the project capacity, we conducted another systematic Google search in
February and March 2022, using the search string “[project name]” and “[project name] + capacity”.
This additional search was required as some past CCS project databases reported the capacity of CCS
projects in the electricity sector in megawatts instead of tons of captured CO2. To fill in any data gaps
related to the year of project announcement, completion, or termination, we used the same search as
above, but this time using a ”customised date range” feature of the Google search engine to track the
first and last mentions of the project. When coding results from our systematic Google searches, we used
company press-releases; policy documents, GCCSI and other similar reports; conference proceedings;
and when none of these sources were available (rarely) news reports.

Supplementary Note 2: Flue gas desulphurisation as a technology reference
case for CCS: comparison of costs and public acceptance

In this study, we use flue gas desulphurisation (FGD) – a pollution control technology without pipeline
transportation and underground storage needs – to verify whether the CO2 capture component of CCS
imposes additional constraints on the feasible speed of CCS deployment (Fig. 3). In addition, we test
the sensitivity of the number of pathways that meet the feasibility constraints and the amount of CO2

they capture by 2070 and 2100 to more optimistic feasibility constraints based on the assumption that
the entire CCS technological chain (capture, transportation and underground storage) can grow as fast
as FGD grew historically. In this Supplementary Note, we discuss the realism of this assumption, i.e.
whether FGD is a valid analogy for the entire CCS technology. We focus particularly on the two aspects
critical for speed of technology deployment: costs and public acceptance.

Literature documents how both factors limit the speed of CCS deployment. The history of CCS
project failures in the 2010’s indicates that CCS deployment was constrained by high capital costs
[25, 26]. Today even the least expensive CCS applications face difficulties because of public opposition,
particularly to transportation and storage. Reference cases of policy-driven energy technologies used in
this study – nuclear, wind, and solar power – have also been characterised by high capital costs similar
to those of CCS (Supplementary Table 9) and public acceptance issues [27–34].

High capital costs have been identified as one of the largest barriers to fast CCS deployment [26,
35–39]. Carbon capture costs vary greatly depending on the sector where the technology is applied
(Supplementary Table 9), with high costs prevailing in sectors with most CO2 abatement potential. In
the power sector, where CCS was primarily targeted in the first and to a large extent in the second wave
of industry interest (Fig. 1A), carbon capture costs (without transportation and storage) can double
capital investments required for a power plant [1] and increase operational costs due to higher energy
consumption, driving the levelised cost of electricity up by 50% or more [39]. The costs are notably higher
when transportation and storage are included. For example, Petra Nova project – a 240 MW coal power
plant unit which was retrofitted with CCS in 2017 – required construction costs of around US$ 1 billion
or 4,200 US$2014/kW, incl. pipeline construction and CO2 storage equipment [7]. For comparison,
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capital investments of such scale could have contributed to another power plant project (without CCS)
of a similar size or bigger [39]. Still, the cost of Petra Nova was considered “relatively low” by the Global
CCS Institute compared to Boundary Dam (completed before Petra Nova) and Kemper (failed) projects
[40].

Industrial sectors such as cement, iron and steel, and hydrogen typically fall in a similar range of
costs per tonne of CO2 captured [41]. In Norway, 359 US$ million is committed to the capital costs
of a 50% CO2 capture (0.4 Mt/yr) at Norcem Brevik cement plant [8]. For comparison, recent project
announcements show that there are cement plants of a larger capacity that cost two time less than this
project (albeit in developing countries).

The lowest costs of carbon capture are typically found in sectors like ammonia, ethylene oxide, ethanol,
natural gas processing, and coal-to-liquids [41]. However, the applicability and potential of CCS in these
sectors is more nuanced: natural gas processing only requires carbon ‘separation’ if the CO2 content in
extracted natural gas is above the natural gas pipeline standards; ammonia facilities can use CO2 for
urea production instead of transporting and storing it; ethanol has multiple CO2 emission sources where
one (fermentation) is relatively cheap and the other (boilers) is not [42]. Even though these sectors
represent an early opportunity for CCS, the eventual demand for CCS in these sectors might be limited
or the cost of full CCS integration might increase.

When it comes to transportation and storage, costs can also vary depending on capacity, location
(onshore or offshore), distance from the CO2 source, and storage type (enhanced oil recovery or saline
formations). Out of EUR 1.5 billion capital costs of the Longship project in Norway (which combines
two capture plants with cumulative capacity of 0.8 Mt/yr and transportation and storage infrastructure
with 1.5 Mt/yr capacity), over a half is dedicated to the Northern Lights transportation and offshore
storage part of the project [8]. Thus, CO2 transportation and storage infrastructure can contribute to
significant project cost increases when compared to capture-only costs.

Public acceptance is another factor potentially constraining the growth of new technologies [43, 44].
Our central reference technologies: nuclear power and renewables – have experienced public opposition
related to safety (e.g. nuclear waste) and conflicting land uses (e.g. transmission lines), that are similar
to concerns about CO2 storage and transportation. Although familiarity with and public acceptance
of CCS can vary considerably [45], scholarship shows that negative public perception can lead to cost
overruns, project delays and failures [46]. For example, a multi-billion CO2 pipeline project connecting
multiple ethanol plants in the US has recently been postponed due to the opposition from landowners
and advocacy groups, while paying out hundreds of millions to “supportive” landowners to build on their
properties. Even if a technology succeeds, the support for large-scale projects can decrease faster in areas
which previously experienced project development [29].

In comparison to CCS, FGD is cheaper and less controversial. With costs lower than those of CCS
by a factor of between 4 and more than 20 (Supplementary Table 9), FGD has been deployed with
“command-and-control” (Large Combustion Plant Directive in the EU) and market-based mechanisms
(cap-and-trade program in the US). For example, introduced in light of an increasing public concern
about the health effects of sulphur pollution between the 1950’s and 1970’s, the US Clean Air Act
and successive regulations were sufficient to enable power plants compliance with strict SOx emission
standards despite the resistance from utilities [47]. Perhaps due the nation-wide public concern [48]
and no large-scale infrastructure requirements, no evidence of public opposition to FGD has ever been
documented.

Thus, despite some technological similarities, there are two key differences between FGD and CCS:
FGD is less capital-intensive and lacks pipeline and storage components which are likely to cause public
opposition. Whereas FGD offers arguably the best evidence for the learning rates [14] and unit scaling of
pollution control technologies, it can only be a realistic reference case for the carbon capture component
of CCS (even in that case FGD’s lower costs need to be taken into account). For CCS as a whole,
reference technologies which are more similar in capital costs and public attitudes, such as nuclear and
renewable energy, are more suitable reference cases.

Supplementary Note 3: Investment needs for the estimated range of CCS
uptake by 2030

According to BNEF [49], global annual investment in CCS reached US$6.4 billion in 2022, more than
double the previous year’s value. Is this enough to bring CCS on-track for climate targets? Projecting
investment needs for upscaling emerging technologies is at least as uncertain as projecting their de-
ployment. Both projections are associated with project failures. Whereas for deployment this means a
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project plan is never realised, cost management scholars [50, 51] define failures in terms of cost overruns
and delays – implying that even a completed project can be considered a failure. Research shows that
large (e.g. nuclear) and new project designs (e.g. floating offshore power) tend to face cost overruns
more frequently [50, 51]. Given that CCS projects share many attributes with megaprojects [26] and
have project-specific attributes which affect costs (e.g. CO2 capture costs for different point sources,
distance from CO2 source to sink, sink type), estimating investment needs for CCS deployment even
in the short-term (2030) involves a lot of uncertainty and thus requires advanced modelling frameworks
(see e.g. ref [52]) which are beyond the scope of this study.

Nevertheless, previous modelling studies provide useful insights for defining the CCS investment gap in
the near-term (2030). For instance, IEA’s Sustainable Development Scenario [53] indicates an investment
gap of US$160 billion to upscale CCS capacity to 0.8 Gt/yr by 2030. We estimate 0.07-0.37 Gt/yr to be
the feasible range of CCS capacity, which means a rough estimate of annual investment needs in 2024-
2030 for the upper limit would be around US$12 billion annually (US$1.2 billion for the lower limit).
However, McCollum et al. (2018) [54] point out that the IEA’s scenario-based investment projections
tend to be lower than in most Integrated Assessment Models’ scenarios meeting climate targets. In their
intermodel comparison, four out of six 2°C pathways project average annual investments in CCS at US$15
billion in 2025-2030 (although it is unclear what CCS capacity is reached via these investments). Two
remaining models show a contrasting image: one (WITCH-GLOBIOM) projects US$60 billion annual
investments already in 2020-2025, whereas another (AIM/CGE) projects CCS investments to start from
2030 at US$18 billion annually. Thus, based on recent modelling studies, investments needed to bring
CCS on track for the 2°C target by 2030 range between US$12-15 billion annually – at least twice as
much as in 2022, but less than 1% of annual clean energy investments the same year [55]. Reaching 0.07
Gt/yr capacity would require at least 1.2-2 US$ billion annually.

Supplementary Note 4: Policy considerations for CCS deployment in the
three phases of growth

Putting CCS on track for policy and climate targets and sustaining its status as a growing climate
mitigation technology requires substantial and sustained improvements of policy and regulatory support
for the technology. Here we reflect on how this support could evolve over the three phases of growth.

Formative phase. Today, CCS is in the formative phase and the US and Europe are leading markets.
In the US, CCS deployment is incentivised through the 45Q tax credit, which was first introduced in
2008. Recent changes in 2018 (through the Bipartisan Budget Act) and 2022 (through the Inflation
Reduction Act) provided better conditions for a diversified portfolio of CCS projects, mostly through a
higher tax credit (from 10 US$/t to up to 180 US$/t), reduction of the minimum capacity of eligible
projects, and a 2032 deadline for project construction – all of which could lead to continuous growth of
CCS plans. In the European Union, CCS deployment is driven primarily by the EU Hydrogen Strategy
[56], national subsidy schemes, and the EU Innovation Fund, which have already provided support for
CCS projects across a number of subsectors, with a particular emphasis on blue hydrogen (40% of
planned 48 Mt/yr capacity in 2022). The recent (March 2023) call by the European Commission for a
50 Mt annual storage capacity by 2030 was proposed in the Net Zero Industry Act (NZIA), which also
aims to facilitate permit-granting and access to finance. The most recent policy contribution is the EU
Industrial Carbon Management Strategy published in February 2024, which provides an estimate for the
role of CCS in the European Union in 2040. We analyse the feasibility of these deployment plans in
Supplementary Note 7 below.

As our analysis shows, decreasing the failure rate of individual projects is the key policy priority.
Recent literature highlights capital costs as the key reason of past CCS project failures [26, 57]. This
empirical analysis is from the first wave projects when project developers had to experiment with different
business models by stacking various revenue streams and incentive packages [25]. Today, CCS receives
more financial support than during the first wave of industry interest, which is reflected in the rise of
industry interest above the historical peak in 2010 (Fig. 2).

However, realising this interest and bringing CCS on-track for Paris targets will also require better
regulation and broader social acceptance of the technology. Although project failures are not restricted
to CCS (Supplementary Table 5), research shows that the initial hype around the technology during the
first wave of industry interest had exacerbated social acceptance beyond typical issues associated with
emerging technologies (e.g. NIMBY, infrastructure and storage security), creating a negative feedback
loop where project failures decreased social acceptance and thus increased the likelihood of future project
failures [25]. Direct support for early demonstration projects in new CCS applications can take the

24



technology out of the negative feedback loop and enable ‘learning from diversity’ of CCS applications
[57]. This approach suits the current status of CCS, as projects currently in construction and scheduled
for operation by 2025 span different CCS applications, among which are hydrogen, DACCS, cement,
bioenergy, and power production [58] – as opposed to the ’clean coal’ focus in the first wave of industry
interest in CCS [57] (Fig. 2). Technology learning across a broader scope of demonstration projects
could expedite completion of the formative phase, laying the foundation for reducing both costs and the
failure rate that would in turn increase the number of planned projects by stimulating stronger industry
interest for ‘learning from replication’ [57] of successful demonstrations as well as encouraging better
socio-political and regulatory conditions by 2030.

Importantly, the replication of CCS plans might require a more nuanced and flexible structure of
currently existing and new incentive mechanisms and R&D focus, as currently (e.g. in 45Q) high-purity
emitters (e.g. natural gas processing, ethanol) have an advantage over low-purity emitters (e.g. cement,
power, steel) when it comes to the cost of capture [59]. Replication will also require the ramp up
of infrastructure, and today we see that early-moving projects experience difficulties due to regulatory
struggles and opposition from property owners (e.g. Navigator project), pointing at the negative feedback
loop indicated above. This challenge (as well as many others) is not unique to CCS (e.g. similar issues
were faced by transmission lines for renewables), and the role of policymakers is critical in managing
these risks, e.g. by supporting the development of CCS clusters and ensuring stakeholder engagement.
Together with international cooperation and knowledge spillovers, successful demonstration via ‘diversity-
to-replication’ could enable various capture technologies to take-off and infrastructure to be installed,
leading to increased investments and commitments in the acceleration stage.

Acceleration phase. At the acceleration phase, the policy-priority shifts to creating a market for
the technology. In light of our findings, the wider adoption of carbon tax or emission trading systems by
2030 could enable increased revenues from CCS projects which are characteristic of the acceleration phase
of growth and have been highlighted as an important factor in defining the likelihood of a CCS project
success [26]. Although the impact of these instruments on the likelihood of project success is smaller than
e.g. government ownership, this could change once more projects are planned and a higher carbon price
is achieved [25]. In this phase, international cooperation could play a big role [57] in driving technology
costs down, enabling capital and technology transfers, and creating international CO2 pipeline networks
[52].

Stable growth phase. The uncertainty of CCS growth in the long-term introduces difficulties
into making policy prescriptions. However, several points can be drawn from this study and recent
literature. First, our analysis shows that most climate pathways envision high growth rates of CCS
around mid-century. About one-quarter of these rates are comparable to the global maximum growth of
nuclear power and current plans for the near-term growth of renewables in the EU [60]. These episodes of
technology growth are motivated (among other factors) by energy supply security concerns, and therefore
can be viewed as crisis-driven. As [61] highlight in their analysis of green hydrogen production growth,
matching such crisis-driven growth rates would require secure revenue streams via direct investments
and public co-financing of projects along the entire value chain. Second, most climate pathways foresee
higher carbon prices, and this points to another way of maintaining the long-term growth of CCS. For
instance, in thirteen vetted IPCC AR6 pathways that foresee the deployment of CCS and BECCS to
meet climate targets (Supplementary Note 6), the cost of carbon in 2050 reaches the median of 138
US$/t (IQR 111-151 US$/t) – in some jurisdictions, stacked revenue streams of CCS projects reach
this projected carbon price already today [62]. Therefore the challenge is to replicate this experience
in key emitting regions by the mid-century. In addition, successful long-term deployment of CCS can
potentially slow down the ambition of actors to achieve rapid decarbonisation via other technologies –
in contrast to what is foreseen in the IPCC pathways (Extended Data Fig. 3).

Supplementary Note 5: Inter-ensemble comparison of CCS deployment pro-
jections in the IPCC AR5, SR1.5, and AR6

In order to examine whether more recent generations of IPCC scenario ensembles have changed their
reliance on CCS for achieving temperature targets, we compare CCS deployment in AR5, SR1.5 and
AR6 scenario ensembles. For this inter-ensemble comparison (Supplementary Note 5), we used path-
ways compatible with the most stringent climate targets (i.e. scenario categories leading to the lowest
temperature outcome). The AR5 sample [16] (115 pathways) includes Category 1 (430-480 ppm) which,
according to ref. [63], corresponds to “associated 2100 median temperatures ranging from 1.5 to 1.7°C
above 1850–1900 levels”. The SR1.5 sample [18, 19] (85 pathways) includes ”Below 1.5C”, ”1.5C low
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overshoot”, and ”1.5C high overshoot” – all with the probability of exceeding 1.5°C in 2100 of less
than 50%. The AR6 sample [1, 2] (218 pathways) includes Categories 1 (”Below 1.5°C with no or lim-
ited overshoot”) and 2 (”Below 1.5°C with high overshoot”) with a 50% probability of 1.3°C and 1.4°C
temperature change by 2100, respectively. In this exercise, it is important to highlight that the most
stringent scenario categories in the AR5, SR1.5, and AR6 ensembles are, in fact, not equally stringent:
as we explain above, AR6 sample achieves lower temperatures with higher probability by 2100 than AR5.
To compare near-term CCS deployment (20 years) in these three scenario ensembles, we aligned them
by the time from the year the ensemble was published and used linear interpolation of CCS deployment
projections in each pathway to calculate CCS capacity in 2034 for AR5 (2014), 2038 for SR1.5 (2018),
and 2042 for AR6 (2022) (Extended Data Fig. 5, Supplementary Table 10).

The three groups of pathways envision similar CCS growth trajectories until stable growth phase –
4.7 Gt/yr (IQR 2.6-6.5) in AR5 and 4.5 Gt/yr (IQR 3.1-8.4) in AR6 are achieved within 20 years since
ensemble release (i.e. 2034 for AR5 and 2042 for AR6). However, the maximum growth rate and the
maximum eventual capacity of CCS have declined by 29% and 23% respectively between the median of
AR5 and the median of AR6 scenarios. The reduction between SR1.5 and AR6 is generally lower, but
is particularly noticeable between the two sets of Illustrative Mitigation Pathways (IMPs) – a number
of pathways ”representing critical mitigation strategies discussed in the assessment” [1]. The first such
set of IMPs in SR1.5 [18, 19] had a much bigger role for CCS technologies in reaching the 1.5°C target
in all but one mitigation strategy than its descendant – the AR6 set [1, 2] (Extended Data Fig. 5).
The only exception is the IMP-LED pathway which does not project any CCS capacity – this pathway
was first introduced in SR1.5 and updated in AR6 [64]. Therefore, the IPCC scenarios rely on CCS
to a similar extent in the short-term and less in a long-term, although depicting similar deployment
trajectories (Supplementary Table 10) – with an overall duration of CCS technology deployment cycle
of some 30-50 years.

Supplementary Note 6: Summary of vetted pathways

Using the three feasibility spaces for CCS deployment at the formative, acceleration and stable growth
phases, we identify IPCC AR6 pathways with feasible CCS deployment trajectories throughout the
century (Methods). Out of 218 1.5°C- and 423 2°C-compatible pathways in the most recent scenario
ensemble, we find only three 1.5°C- and eleven 2°C-compatible pathways that are consistent with his-
torical evidence from selected reference cases and current market interest in CCS (Supplementary Table
11). These pathways display two contrasting trajectories for feasible global CCS deployment to meet the
Paris target (Supplementary Fig. 7), and another one which does not deploy any CCS.

The first group of pathways (which includes two 1.5°C and three 2°C pathways) displays a deployment
trajectory that requires a 108-363 Mt/yr capacity to be implemented at the formative phase by 2030
(0.5-1.8% market share). The lower bound of this range corresponds to a subsector-adjusted failure rate
(76%) and no additional plans until 2025, whereas the upper bound would require a 45% failure rate and
doubling of current plans by 2025. In the following decade, two 1.5°C pathways envisage acceleration of
CCS deployment inline with historical observations for global wind power deployment, whereas two 2°C
pathways show acceleration of lower ambition than observed historically for wind, nuclear, or solar power
globally. Later on, this group of pathways is characterised by 0.11-0.19 Gt/yr maximum annual capacity
additions (0.9-1.3% when normalised to market size at TMax) achieved by the mid-century – this is in
line with global maximum growth rates of nuclear power and significantly lower than the IQR range for
all pathways in their respective temperature groups (Supplementary Table 11), both in absolute values
and when normalised to the market size. CCS capacity in this group of pathways saturates by around
2070 at 4-7.5 GtCO2/yr. In this group, reaching 1.5°C (two REMIND pathways) requires fossil CCS
saturation by 2040 and BECCS expansion, whereas other negative emission technologies do not play
a big role in emission reductions. In contrast, a similar CCS deployment trajectory with no BECCS
(POLES ”No BECCS” pathway) only leads to 2°C.

The second group of pathways (which includes eight 2°C pathways) displays a deployment trajectory
that requires a 47-351 Mt/yr capacity to be implemented at the formative phase by 2030, however with
higher maximum growth rates than in the first group – yet still modest (0.16-0.39 Gt/yr) compared to the
entire sample (IQR 0.3-0.7 Gt/yr). BECCS and other negative emission technologies play an important
role in offsetting CO2 emissions which, in these pathways, do not decline as rapidly as in pathways in
the first group (Supplementary Fig. 8). This results in the late timing of maximum growth achievement
and high saturation levels.

Finally, the last group – depicting no CCS deployment – is represented by one pathway (IMP-LED
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[64]) which foresees rapid energy demand changes to meet the 1.5°C target without overshoot.
The positions of these pathways relative to the three feasibility spaces at the formative, acceleration,

and growth phases are illustrated in Supplementary Fig. 9-11.

Supplementary Note 7: Application of the proposed method to analyse the
feasibility of policy-driven technologies’ deployment at the regional scale (EU
Net Zero Industry Act CCS Target)

Policy-driven technologies are often associated with technology targets and market plans. We show how
such plans can be used in conjunction with empirically-derived failure rates to capture erratic deployment
patterns of emerging technologies in the formative phase. In this Supplementary Note, we show how this
approach can assist in understanding the feasibility of policy targets in the formative and acceleration
phases. This Supplementary Note also serves as an example of how this approach can be used at the
regional scale.

With the 2030 target proposed in the Net Zero Industry Act (50 Mt/yr [65]) and the 2040 estimate
for CCS capacity indicated in the EU Industrial Carbon Management Strategy published in February
2024 (280 Mt/yr [66]), our approach is well-fit to assess the feasibility of near- and medium-term CCS
deployment plans in the EU. We do so by constructing feasibility spaces of CCS deployment at the
formative (until 2030) and acceleration phases (until 2040) specifically for the European Union. This
allows us to, first, identify the feasible range of CCS capacity by 2030 in light of the recently proposed
EU NZIA target for CO2 storage and, second, understand what could be realistically achieved in the
following decade provided that the target is met. For the formative phase (until 2030), as in our global
analysis, we consider the currently planned capacity (48 Mt) and its doubling by 2025 (which is similar
to 80 Mt/yr capture capacity considered plausible by the EU industry [66]), and the same reference cases
for failure rates (historical 88%, subsector-adjusted 76%, and nuclear 45%). Lastly, contrasting feasible
ranges of CCS capacity to the IPCC pathways allows to align deployment plans with temperature targets.
For CCS deployment in scenarios, we use IPCC AR6 pathways for R10 regions that divide the globe into
ten regions. Note that NZIA target only covers EU states, whereas IPCC R10EUROPE region includes
the UK and some other non-EU countries.

In this decade, we see that the achievement of the proposed 50 Mt/yr target would lead to CCS
capacity higher than the 2°C median by 2030 (38 Mt/yr), provided that this storage is utilised by the
end of the decade. Currently planned 2030 capacity stands at 48 Mt, therefore reaching the NZIA target
will require improvements in failure rates beyond the historical (88%) and subsector-adjusted (76%),
even if planned capacity doubles by 2025 (Extended Data Fig. 6). The resulting feasibility range spans
CCS capacity in the EU in 2030 from 8 to 55 Mt/yr, or 0.5-3.4% of today’s capturable emissions (ca.
1625 Mt/yr [67]). We find only a few 1.5°C pathways that are inline with this range.

For the feasibility space at the acceleration phase of CCS deployment in the EU, we use reference cases
of wind [68], solar [69] and nuclear [70] power acceleration in the EU as well as wind power acceleration
in China and nuclear power acceleration in the US starting from the same level of market penetration
that can be achieved at the formative phase (8-55 Mt/yr or 0.5-3.4%), which includes the NZIA target
(50 Mt/yr, blue vertical line in Extended Data Fig. 7).

Meeting the NZIA CO2 storage target would be in line with reaching a range of 2°C pathways provided
that this storage is utilised by the end of the decade. What does it mean for the 2040 target? Staying on
the 2°C trajectory (251 Mt/yr median) will require annual growth in the acceleration phase of around
17-18% in 2030-2040 (Extended Data Fig. 7, highest density zone in the 2D-density plot), which would
be comparable to the historical acceleration of wind and nuclear power in the EU and would lead to the
operational CCS capacity of ca. 280 Mt/yr by 2040. This is in line with the 2040 CCS estimate provided
in the EU Industrial Carbon Management Strategy (280 Mt/yr). Getting CCS on track for 1.5°C target
(437 Mt/yr median) in 2030-2040 would require more optimistic annual growth around 25% which was
observed for wind power in China and nuclear power in the US (Extended Data Table 3).

References

[1] IPCC. Climate Change 2022: Mitigation of Climate Change. Contribution of Working Group III to
the Sixth Assessment Report of the Intergovernmental Panel on Climate Change [P.R. Shukla, J.
Skea, R. Slade, A. Al Khourdajie, R. van Diemen, D. McCollum, M. Pathak, S. Some, P. Vyas, R.
Fradera, M. Belkacemi, A. Hasija, G. Lisboa, S. Luz, J. Malley, (eds.)] (2022).

27



[2] Byers, E. et al. AR6 Scenarios Database (2022). URL https://doi.org/10.5281/zenodo.5886912.

[3] Nemet, G., Greene, J., Müller-Hansen, F. & Minx, J. C. Dataset on the adoption of historical
technologies informs the scale-up of emerging carbon dioxide removal measures. Communications
Earth & Environment 4, 397 (2023).

[4] Kazlou, T., Cherp, A. & Jewell, J. Code and data for the article ”Feasible deployment of carbon
capture and storage and the requirements of climate targets” (2024). URL https://doi.org/10.

5281/zenodo.12706872.

[5] S&P Global Platts. World Electric Power Plants Data Base (WEPP) (2013).

[6] S&P Global Platts. World Electric Power Plants Data Base (WEPP) (2022).

[7] EIA. Petra Nova is one of two carbon capture and sequestration power plants in the world - U.S.
Energy Information Administration (EIA) (2017). URL https://www.eia.gov/todayinenergy/

detail.php?id=33552.

[8] Bellona. Norway’s Longship CCS project (2020). URL https://network.bellona.org/content/

uploads/sites/3/2020/10/Longship-Briefing_Bellona-1.pdf.

[9] IEA Bioenergy. Deployment of BECCUS value chains in the United States (2023). URL
https://www.ieabioenergy.com/wp-content/uploads/2023/03/BECCUS-1.0_US-Case-Study_

final_update.pdf.

[10] CarbonCredits. BlackRock Places $550M Bet on Occidental’s
DAC Project STRATOS (2023). URL https://carboncredits.com/

blackrock-places-550m-bet-on-occidentals-dac-project-stratos/.

[11] Grubler, A. The costs of the French nuclear scale-up: A case of negative learning by doing. Energy
Policy 38, 5174–5188 (2010).

[12] NREL. IEA Wind Task 26: The Past And Future Cost Of Wind Energy (2012). URL https:

//www.nrel.gov/docs/fy12osti/53510.pdf.

[13] IRENA. Solar Photovoltaics (2012). URL https://www.irena.org/-/media/Files/IRENA/

Agency/Publication/2012/RE_Technologies_Cost_Analysis-SOLAR_PV.pdf.

[14] Rubin, E. S., Yeh, S., Antes, M., Berkenpas, M. & Davison, J. Use of experience curves to estimate
the future cost of power plants with CO2 capture. International Journal of Greenhouse Gas Control
1, 188–197 (2007).

[15] U.S. Official Inflation Data, Alioth Finance. Inflation Calculator. (2024). URL https://www.

officialdata.org/.

[16] IPCC. Climate Change 2014: Mitigation of Climate Change. Contribution of Working Group III
to the Fifth Assessment Report of the Intergovernmental Panel on Climate Change. Tech. Rep.,
Cambridge University Press, Cambridge, United Kingdom and New York, NY, USA (2014).

[17] Rogelj, J. et al. Mitigation Pathways Compatible with 1.5°C in the Context of Sustainable Devel-
opment (2018). URL http://www.ipcc.ch/report/sr15/.

[18] IPCC. Global warming of 1.5°C. An IPCC Special Report on the impacts of global warming of 1.5°C
above pre-industrial levels and related global greenhouse gas emission pathways, in the context of
strengthening the global response to the threat of climate change, sustainable development, and
efforts to eradicate poverty [V. Masson-Delmotte, P. Zhai, H. O. Pörtner, D. Roberts, J. Skea, P.R.
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