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Climate change mitigation requires the large-scale deployment of carbon
capture and storage (CCS). Recent plansindicate an eight-fold increase in
CCS capacity by 2030, yet the feasibility of CCS expansion is debated. Using
historical growth of CCS and other policy-driven technologies, we show
that if plans double between 2023 and 2025 and their failure rates decrease
by half, CCS could reach 0.37 GtCO,yr by 2030—lower than most 1.5 °C
pathways but higher than most 2 °C pathways. Staying on-trackto 2 °C
would require thatin2030-2040 CCS accelerates at least as fast as wind
power did in the 2000s, and that after 2040, it grows faster than nuclear
power did in the 1970s to 1980s. Only 10% of mitigation pathways meet these
feasibility constraints, and virtually all of them depict <600 GtCO, captured
and stored by 2100. Relaxing the constraints by assuming no failures of CCS

plans and growth as fast as flue-gas desulfurization would approximately
double thisamount.

Carbon capture and storage (CCS) plays a key role in climate mitiga-
tion pathways, yet its feasibility is vigorously debated' ™. The recent
interestin CCS*%, including negative emissions technologies—direct
air capture (DACCS) and bioenergy with CCS (BECCS)—is reflected in
planstoincrease CCS capacity eight-fold from 2023 t02030’. However,
10 years ago, a similar wave of CCS plans’ largely failed®’. Can the new
push bring CCS on track'® ™ for the Paris climate targets?

Answering this question requires overcoming three challenges.
Thefirstis anticipating how many CCS plans are likely to succeed. The
second is projecting medium-term growth of CCS, given the uncer-
tainty about the drivers of, and barriers to, its uptake'*". The third is
estimating feasible long-term growth rates that depend on the size of
the future CCS market'®".

We address these challenges by building on the tradition of using
empirical evidence'®?* from historical technology analogues or refer-
ence cases”*®. Using advanced policy-driven technologies as reference
cases, we contribute with three methodological innovations. First, we

analyse historical failure rates of planned projects to estimate feasible
near-term (5-10 years) CCS deployment. Second, we use this esti-
mate to project arange of medium-term (10-20 years) CCS expansion,
assuming quasi-exponential growth typical of early stages of technol-
ogy deployment. Finally, we estimate the feasible range of long-term
(20-80 years) CCS growth rates based on the peak growth rates of
historical analogues. Thus, we develop an approach for projecting the
deployment of emerging policy-driven technologies across the first
three phases of the technology life-cycle—the formative phase®>!,
the acceleration phase'® and the stable growth phase'. Finally, we
compare our findings to CCSgrowthin the three recent IPCC scenario
ensembles®>* and estimate the feasible range of CO, captured and
stored with CCS over the 21st century.

We find that only a handful of climate mitigation pathways (10%,
IPCC categories C1-C4) depict CCS capacity growth compatible with
even the most optimistic assumptions when (1) CCS plans double
by 2025 and their failure rate decreases by half; (2) CCS expansion
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Fig.1|Method for projecting the feasible deployment of policy-driven
technologies along the phases of technology growth using feasibility spaces.
To construct each feasibility space, we use a tailored set of metrics and reference
cases most appropriate to each of the first three phases of the technology life-
cycle—formative, acceleration and stable growth (Methods and Table 1). For the
formative phase, we project feasible CCS deployment (Gt yr™) based on project

plans and their failure rates; for the acceleration phase, the acceleration rate

of reference technologies; and for the stable growth rate, we use the maximum
growth rate at the inflection point of the S-curve normalized to the market size.
This approach canbe applied not only to global but also to national and regional
targets, as well as to other climate mitigation and energy technologies. Error bars
are used toillustrate the uncertainty in feasible deployment over time.

in 2030-2040 is as fast as solar power expansion was in the 2010s
or nuclear power expansion was in the 1960s and 1970s; and (3) CCS
grows over the following decades as fast as the growth of nuclearin the
1970s and 1980s. Only 33% of pathways meet the first two constraints
and only 26% meet the last one. Virtually all pathways that meet all
three constraints depict <200 GtCO, captured and stored by 2070 and
<600 GtCO, by 2100 (at the 95th percentile). Under the less realistic
assumptions of adoubling of CCS plans by 2025, azero failure rate and
growth similar to that of flue-gas desulfurization (FGD), this amount
couldincrease to 400 GtCO, by 2070 and 1,100 GtCO, by 2100, which
still standsin contrastto alarge number of 1.5 °C-and 2 °C-compatible
pathways, which envision up to 700 GtCO, captured and stored by 2070
and 1,400 GtCO, by 2100.

Growth phases of policy-driven emerging
technologies

The growth of new technologies starts with a formative phase®**,
when “the technology istested, refined and adapted to market condi-
tions”?. At the end of the formative phase—typically between 0.1%
and 2.5% of the final market'”*?>3%3 (A, Jakhmola, J.J., V. Vinichenko
and A.C., manuscript in preparation)—a technology ‘takes off’, driven
by increasing returns®. This leads to an acceleration phase with
quasi-exponential growth'>**°, Eventually, countervailing forces such
asresource availability and socio-political resistance dampen the accel-
eration in the stable growth phase, where the growth peaks and is no
longer accelerating'>***, which is eventually followed by slow-down
and saturation due to market limits®®, Feasibility constraints in the
different phases reflect different growth mechanisms, and therefore
require separate assessments (Fig. 1). We use the feasibility space

approach?*, which compares a target case—in this case, future CCS
growth—with reference cases***' appropriate for each growth phase
(Table 1and Methods).

For the formative phase, which we find can be complete by 2030,
we construct a feasibility space based on near-term CCS plans and
historical failure rates of past CCS (Supplementary Note 1) and early
nuclear power plans. For the acceleration phase, which we assume
would occurin2030-2040, we construct a feasibility space using the
compound annual growth rate (CAGR) metric derived from reference
cases of historical nuclear, solar and wind power growth at similar
levels of market penetration. For the stable growth phase in the post-
2040 period, we construct a feasibility space using maximum annual
capacity additions normalized to the market size'®" derived from
reference cases of nuclear, wind and solar power growth at the global,
regional and national levels. Subsequently, we map the 1.5 °C- and
2 °C-compatible IPCC Sixth Assessment Report (AR6) pathways'**
(Methods) onto the three feasibility spaces and calculate the amount
of CO, captured and stored in the pathways that meet the feasibility
constraints. Finally, we use FGD, which is similar to the CO, capture
component of CCS, as areference case for asensitivity analysis repre-
senting the most optimistic (albeit relatively unrealistic) assumptions
about CCS growth (Supplementary Note 2).

More CCS plans and fewer failures needed for
climate targets
Recent reports indicate that if all current project plans are realized,
operational CCS capacity would reach 0.34 Gt yr by 2030°*". However,
we have seen ambitious plans before; theinitially promising first wave
of CCS plansfailed to meet expectations despite anumber of supportive
policies®*** (Fig. 2 and Extended Data Fig. 1). If all plans from the first
wave had beenrealized, today’s operational capacity would be around
0.27 Gtyr* (Supplementary Table 1), instead of the paltry 0.04 Gt yr™*
operational today.

The CCS capacity installed by 2030 depends on the plans
announced by 2025 because CCS projects take, on average, 5 years
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Table 1| Reference cases and metrics used to construct feasibility spaces of CCS deployment in the formative, acceleration

and stable growth phases

Phase Target case Reference cases

Metrics

Formative CCS deployment by 2030

Historical CCS deployment (Fig. 2 and Supplementary Tables 1-5)
Early nuclear power (United States, 1972-1982)*

Capacity planned to 2025 (Gtyr™),
failure rate of planned projects (%)

Acceleration CCS growth 2030-2040

FGD (global)’®°2

Nuclear power (global) at the acceleration phase”
Wind power (global) at the acceleration phase’®
Solar power (global) at the acceleration phase”’

CAGR (%) over 10years since reaching
the same market penetration as in the
target case

CCS capacity peak annual
additions

Stable growth

FGD (global)'®"°

Nuclear power (global, regional and national)
Wind power (global, regional and national)'**®
Solar power (global, regional and national)'®>®

55,76 Maximum growth rate (G) or the

most recent 3-year growth rate (R;)

in cases where deployment is before
the inflection point (Gtyr?) . In both
cases, normalized to the market size (%)

See Methods for additional discussion of reference cases. ?In this study, the use of FGD was twofold—as a reference case for the CO, capture component of CCS and as the most optimistic
(albeit less realistic) reference case for CCS as a whole in the sensitivity analysis (Methods and Supplementary Note 2).

fromannouncement to completion. Under an optimistic assumption
that the planned capacity will double between 2022 and 2025, the
2030 capacity could reach 0.6 Gt yr* (Methods). However, how much
CCS will be actually installed also depends on the failure rate—the
share of planned capacity that is not realized. To determine a realistic
range of failure rates, we first calculate the historical failure rate of
CCS projects from 1972 to 2018 (88%)* (Supplementary Tables 1-4
and Methods). This industry-wide failure rate varies across sectors
and subsectors**~*, with CCS plansin the first wave dominated by the
electricity sector, whichfailed at arate of over 90%. In the current wave,
the planned projects are more diversified (Fig. 2). Based on historical
subsector-specific failure rates, we estimate that the aggregate failure
rate of today’s plans would drop to 76% (Methods). Finally, we measure
thefailure rate of early nuclear power plansin the United States (45%),
whichwasa policy-driven technology developed in the wake of the oil
crises of the 1970s*87°, At the start of this expansion, nuclear power
contributed 2% of global and 3% of US electricity markets, which was
more advanced than CCSistoday, yet still close to the formative phase.
Giventhe capital intensity”, lumpiness®? and complexity>*** of nuclear
power, we consider it as aclose technological analogue of CCS and use
itas anoptimistic reference case.

With the capacity announced by 2022 and the historical fail-
ure rate (88%), CCS capacity in 2030 would be 0.07 Gt yr™.. If the
planned capacity doubles between 2023 and 2025 and the failure
rate drops to that of nuclear power in the United States (45%), CCS
capacity would reach 0.37 Gt yr' by 2030. We consider this the upper
feasible bound. By contrast, the IPCC AR6 1.5 °C pathways'®*? envis-
age a median CCS capacity of 0.9 Gt yr (interquartile range (IQR)
0.4-1.5) by 2030. The International Energy Agency (IEA) net-zero
emissions (NZE) scenario® envisages an even higher 1 Gt yr™* capac-
ity (1.7 Gt yr'in the 2021 edition'?), which is almost definitely out
of reach given the current project timeline and likely failure rates.
However, the 2 °C pathways envision a median CCS capacity of
0.3 Gt yr' (IQR 0.04-0.6), which could be achieved by expanding
the planned capacity to 0.4-0.6 Gt yr' by 2025 and reducing the
failurerate to 45-60% (Fig. 2).

CCS growth should accelerate at least as fast as
wind power

As we show, it is realistic for CCS capacity in 2030 to reach 0.07-
0.37 Gt yr™* capacity. This would amount to 0.3-1.8% of the market
potential, or all CO, emissions in sectors where CCS plans have been
announced (Methods), thus resulting in the take-off and subsequent
quasi-exponential growth characteristic of the acceleration phase.
Can such growth bring CCS on track for climate targets by 2040? To
answer this question, we project arange of feasible 2040 CCS capacity
values based on: (1) the feasible range of the 2030 capacity estimated in
the previous section; and (2) feasible year-on-year growth ratesin the

acceleration phasein2030-2040, derived from the reference cases of
three policy-driven technologies—nuclear, wind and solar power—at
similar levels of market penetration (Methods).

We estimate the range of CCS capacity achievable by 2040 to be
around 0.95-4.3 Gt yr* (Table 2). The upper end of this range can only
be reached under optimistic assumptions about CCS deployment
in the formative phase (0.37 Gt yr™*) and acceleration in 2030-2040
comparable to that of nuclear power in the 1970s (Fig. 3 and Supple-
mentary Fig. 1), or if CCS accelerates as fast as FGD did in the 1980s.
Under these optimistic assumptions, CCS capacity in 2040 would be
above the median of the 1.5 °C pathways (3.8 Gt yr™’). The median of the
2 °C pathways (2.4 Gt yr™') could be reached under more modest, albeit
still optimistic, assumptions about CCS deployment in the formative
phase (0.26-0.37 Gt yr ") and with acceleration comparable to that of
wind power in the 2000s (Table 2 and Fig. 3).

Despite beingin line with the realistic range of 2040 CCS capacity,
most pathways fall outside the feasibility frontier when we account for
the timing of acceleration (Fig. 3). A total of 76% of 1.5 °C- and 42% of
2 °C-compatible pathways depict unrealistically fast growth by 2030,
with an additional 14% of both 1.5 °C- and 2 °C-compatible pathways
requiring unrealistically fast acceleration from 2030-2040. Only 10%
of 1.5 °C-and 44% of 2 °C-compatible pathways are located within the
feasibility frontier for the formative and acceleration phases. Even
under aless realisticassumption that the growth of CCS will accelerate
asfastasfor FGD, only 18% of the 1.5 °C-compatible pathways would be
within the feasibility frontier.

In most pathways CCS grows faster than nuclear
atits peak

After acceleration, technologies enter a stable growth phase when
annual additions peak at the maximum growth rate (G) at the inflec-
tion point of the S-curve' (Fig.1). We find that the median values of the
maximum annual additions of CCS capacity were similar (0.4-0.5 Gt yr™
added annually) acrossthe1.5°C-,2 °C-and 2.5 °C-compatible pathways
(Supplementary Figs.2 and 3). What varies is when the fastest growthis
achieved:inthe 1.5 °C-compatible pathways, it occurs around 2045, in
the2 °C-compatible pathways around 2055 andinthe 2.5 °C-compatible
pathways around 2065.

We use policy-driven low-carbontechnologies—nuclear, wind and
solar power—as reference cases for growth rates at the stable growth
phase. We complement global observations with regional and national
observations where the growth of these technologies had already
peaked (Extended Data Table 1)'**°. To compare maximum annual
capacity additions across reference cases and mitigation pathways, we
normalize G to the size of the market—the total electricity supply for
thereference cases, and the sum of the gross CO, emissions insectors
with capturable emissions plus negative emissions from BECCS and
DACCS for CCS (Methods).
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CCS deployment in the formative phase depicting operational CCS capacity IPCC AR6 pathways* are shown with blue (1.5 °C-compatible) and green (2 °C-
(Gtyr™) (Supplementary Table 6) in 2030 as a function of CCS plans (y axis) and compatible) isolines.
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Table 2 | Feasible upper bounds of CCS capacity in 2030 and 2040 estimated from reference cases and compared to the

IPCC ARG pathways

Formative phase (pre-2030) assumptions Current plans and Current plans and Current plans and Plans doubling and
88% failure 76% failure 45% failure 45% failure

CCS capacity in 2030 0.07 on 0.2 0.37

IPCC ARG capacity in 2030 2°C: 0.3 [0.04-0.6] 1.5°C: 0.9 [0.4-1.5]

Accelerationin 2030-2040 same as wind

CAGR for reference period 30% 27% 26% 22%

CCS capacity in 2040 0.95 1.2 20 2.6
same as nuclear

CAGR for reference period 35% 33% 30% 28%

CCS capacity in 2040 1.4 1.9 2.8 4.3
same as solar

CAGR for reference period N% 37% 31% NA

CCS capacity in 2040 2.2 2.5 3.0 NA

IPCC ARG capacity in 2040 2°C:2.4[1.6-3.9]

1.5°C: 3.8[2.5-71]

The columns illustrate the CCS capacity in 2030 based on different assumptions of near-term CCS plans and failure rates (Fig. 2). The rows illustrate 10-year CAGRs for each reference case
corresponding to a comparable level of market penetration and the resulting CCS capacity by 2040. Values are in GtCO,yr™" unless otherwise indicated. The reference case growth rates in the
acceleration phase reported in this table are also illustrated in Fig. 3. Solar power started accelerating recently, so it is not possible to measure its CAGR for the most optimistic outcome of the
formative phase. IPCC pathways are in bold and the IQRs of CCS capacity in the IPCC pathways are indicated in square brackets. See Methods and Table 1 for details of reference cases.

Inmost IPCC pathways, the use of fossil fuels declines earlier than
the expansion of negative emissions, which means the potential CCS
market may decline over time (Supplementary Fig. 4 and Extended
Data Fig. 2). To account for market uncertainties, we normalize the
CCS growth rates to both the maximum market size in 2022 (G,o,,)
and tothe market size at the time when the maximum growth rate was
achieved (Gpy.,y). Under both normalizations, the CCS growth in most
1.5°Cand2 °C pathwaysis faster than the historical growth of nuclear,
wind and solar globally. Under normalization to the 2022 market (G,y,),
only 26% of the 1.5 °C and 2 °C pathways depict global CCS growth
consistent with the peak growth of global nuclear power (and <1% with
the global growth of solar or wind). Under normalization to the future
market (Gryay), only 5% of the 1.5 °C and 2 °C pathways depict global
CCS growth consistent with the peak growth of global nuclear power
(Extended Data Table 1and Extended Data Fig. 3).

Infeasible pathways <600 GtCO, is captured

by 2100

Only 10% of climate mitigation pathways (14% of the 2 °C-and 4% of the
1.5 °C-compatible pathways) meet all the feasibility constraints for CCS
growth, and those that do capture and store considerably less CO, over
the 21st century. In fact, vetting the IPCC AR6 mitigation pathways for
the feasibility of CCS growth reduces the upper bound of CO, captured
and stored by 2070 from 685 Gt to 201 Gt (both at the 95th percentile)
(Supplementary Fig. 5), and by 2100 from 1,428 Gt to 589 Gt (both
at the 95th percentile), even if the more relaxed long-term growth
metric (G,y,,) is used (Fig. 4 and Extended Data Table 2). The effect is
especially pronounced for the most stringent 1.5 °C-compatible path-
ways withno or limited overshoot (IPCC category C1), which typically
rely on the early and rapid growth of CCS, and within which only the
low-energy demand pathway (ref. 56) without any CCS satisfies all the
CCS feasibility constraints.

Wetest the sensitivity of these findings under 36 combinations of
CCSplans, failurerates, near-term growth acceleration and long-term
maximumgrowthrates, constrained at differentlevels (Supplementary
Tables 7and 8). The cumulative CO, captured in IPCC pathways under
the vast majority (95th percentile) of these sensitivity runs does not
exceed 290 Gtby 2070 0r1,000 Gt by 2100. Out of all 36 sensitivity runs,
the most optimistic oneis that CCS plans double, their failure rate drops
to zero and, subsequently, CCS deployment accelerates and grows as
fast as FGD. Even in this case, only about half of the Paris-compatible
pathways meet the constraints, with amedian capture of 200 Gt (95th

percentile at 398 Gt) in 2030-2070 and 592 Gt (95th percentile at
1,078 Gt), whichiis still considerably lower thanin the full suite of AR6
pathways (95th percentile at 685 and 1,428 Gt, respectively) (Fig. 4
and Extended Data Fig. 4). We consider these relaxed constraints to
be highly unrealistic, given the historical failure rates and because CCS
isamore complex technology than FGD, with higher capital costs and
larger infrastructure requirements, such as pipelines and storage, that
potentially face more public opposition (Supplementary Note 2 and
Supplementary Table9).

Discussion and conclusions

Todelineate feasible trajectories of future CCS deployment, we develop
an analytical approach based on technology diffusion theories and
empirical evidence from CCS history and other policy-driven technolo-
gies. This study advances recent efforts to use empirical evidence for
assessing the feasibility of low-carbon technologies™'®'***"*® through
developing specific feasibility assessments for three separate phases of
technology diffusion—formative, accelerationand stable growth—each
with distinct policy challenges.

Thefirst challengeis toincrease the number of planned CCS pro-
jectswhilereducing their failure rates for the technology to take off. We
show how realisticassumptions about failure rates, based on the history
of CCS and other historical benchmarks, canidentify a feasible upper
bound of CCS capacity in2030 (0.37 Gt yr™). This analytical approach
couldbe used for projecting the formative phase deployment of other
policy-driven technologies, but more research is needed on failure
rates and their dynamics.

Thesecond challengeistorapidly accelerate CCS after it has taken
off, whichwe assume will start by 2030. We use the year-on-year growth
rates of solar, wind and nuclear power as reference cases to define the
upper bound for CCS capacity by 2040 (4.3 Gtyr™). The literature is
not consistent on how to use year-on-year growth rates in project-
ing technology diffusion, sometimes deriving them from formative
phase data with erratic growth. We argue that year-on-year growth
rates are most meaningful when derived from post-take-offreference
cases with similar deployment levels and in conjunction with realistic
estimates of initial deployment (in our case, CCS capacity in 2030).
Policy support at this stage will require astrong emphasis on creating
amarket for CCS, either through taxing or regulating CO, emissions
(Supplementary Notes 3 and 4).

The final challenge is maintaining long-term CCS growth after
its likely stabilization beyond 2040. Most 1.5 °C-and 2 °C-compatible
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Fig. 3 | 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 a10-year moving CAGRin
2030-2040 (y axis). 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 potential)
(Fig. 2c). Acceleration rates for the reference cases make up the three feasibility
frontiers for CCS acceleration in2030-2040, with the black lines showing

the historical acceleration rates of nuclear (1961-1978), wind (1995-2017) and
solar (2008-2022) power as reference cases for the CCS (Table 1). Dashed lines
illustrate the continuation of these reference cases under higher than realistic
CCS capacity by 2030. The dark red line shows the historical acceleration of FGD
(1972-1986) as areference case for the capture component of CO,. The hatched

zone represents all observations within the feasibility frontier and the shading
shows that this frontier is fuzzy, or in other words not binary?”*. The 1.5 °C- and
2 °C-compatible pathways'®*? are shown as dots and their distributions form

the two-dimensional (2D) density plot (from white to yellow). Blue and green
isolines show different combinations of the two metrics that lead to the median
CCS capacity inthe1.5°C-and 2 °C-compatible pathways, respectively (Table 2),
regardless of feasibility considerations. The x axis of this figure is cut off at
2.1Gtyr™ (10% market penetration), thus excluding 47 1.5 °C pathways (20%)
and 332 °C pathways (8%) with a CCS capacity of up to 21 Gt yr by 2030. Density
plots are constructed from the entire sample of pathways (n =218 for 1.5 °C,
n=423for2°C).

pathways depict CCS capacity additions that are faster than
the global growth of nuclear power and recent growth rates of wind
and solar power. Nuclear power grew in the context of a rapidly
expanding electricity demand and the oil crises of the 1970s°°%¢,
while Europe’s renewable energy growthis also partially in response
to an energy crisis®. Thus, nuclear and renewables may be too opti-
mistic as reference cases for CCS, which is not being driven by an
energy crisis.

Our findings contribute to the debate about the potential role of
CCSinclimate mitigation**"®, The integrated assessment modelling
community has addressed concerns about the outsized role of CCSin
mitigation pathways**’by developing scenarios, including illustrative
mitigation pathways, with low or no (BE)CCS'%****¢*"%"_ At least three of
the illustrative mitigation pathways (low demand, shifting pathways
and gradual strengthening) from the recent IPCC AR6 report meet,
or nearly meet, our feasibility constraints by relying on alternative
mitigation strategies, such as suppressing demand, changing diets or
shifting strong climate action towards the end of the century. In gen-
eral, more recent pathways feature a somewhat less ambitious use of
CCS (Extended DataFig. 5, Supplementary Note 5 and Supplementary
Table10). The effortsto depict more-realistic CCS deployment in mitiga-
tion pathways has been supported by a strategy of vetting scenarios®’
using thresholds for the maximum CO, storage®® or decadal growthin
electricity generation with CCS®.

Our more granular analysis identifies three additional constraints
on CCSdeployment—reaching take-off by 2030, achieving rapid accel-
eration in the 2030s and ensuring sustained long-term growth. Our
findings are more conservative than those of previous studies'”*”
because we consider potential failures of planned CCS projects and
use reference cases that are more similar to CCS in terms of their com-
plexity, capital-intensity (Supplementary Note 3), land use and public
acceptance (Supplementary Note 2) than FGD'. We show that 10% of
the 1.5 °C- and 44% of the 2 °C-compatible pathways depict realistic
CCS capacity in 2040, which strongly correlates with the amount of
CO, cumulatively captured and stored in the long term (Supplemen-
tary Fig. 6). The additional constraints on long-term growth further
reduce the number of feasible pathways to1-4% of the 1.5 °C and 3-14%
of the 2 °C pathways (depending on the assumptions about the size
of the future market) (Fig. 4, Supplementary Note 6, Supplementary
Figs. 7-11 and Supplementary Table 11) and reduce the (non-outlier)
maximum amount of CO, that can feasibly be captured and stored
by 2100 to <600 GtCO, (Fig. 4). This has significant implications for
global carbon budgets.

Among the many applications of CCS, BECCS and DACCS have
attracted alot of attention because they are both essential for achieving
negative emissions and thus climate targets”’>”*. Ref. 73 shows that
BECCS and DACCS should complete the formative phase by 2040 to
keep net-zero goals withinreach. However, BECCS and DACCS together
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Cumulative capture and storage in IPCC
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Fig. 4| The effect of feasibility constraints on the long-term cumulative
capture and storage of CO,in2030-2070 and 2030-2100in IPCCAR6
pathways. The x axis contains different groups of mitigation pathways before
and after imposing feasibility constraints, including feasible by 2030 under
realistic project plans and failure rates, feasible by 2040 under acceleration
rates similar to those of the reference cases, and feasible in the long term under
maximum annual growth similar to the growth of the reference cases when
normalized to capturable emissions today (G,o,,) and capturable emissions
when the maximum growth is achieved (Gry,,)- ‘Most optimistic’illustrates a
group of pathways with relaxed constraints—0% failure rate and a doubling of

plans, acceleration and stable growth (G,,,,) of FGD (Extended Data Fig. 4 and
Supplementary Table 7). ‘All pathways’is n = 218 for 1.5 °C in the left-hand panels
and n=423for the 2 °C pathways in the right-hand panels. Violins and boxplots
illustrate the cumulative CO, capture and storage by 2070 and 2100 (in Gt) in
these groups of pathways (left-hand y axis)—boxplots show the IQR, with the
median marked by a black line and whiskers extending from the IQR range to the
non-outlier minimum and maximum. Grey bars illustrate the share of pathways
ineach group (right-hand y axis). In groups with fewer than 10 pathways, we use
dotsrather thanviolins and boxplots.

only account for10% of current CCS plans’ (Fig. 2 and Supplementary
Table1), and while their development isimportant, itis the success of
the remaining 90% of CCS projects that will be pivotal in enabling nega-
tive emissions technologies that would rely on capture, transportation

and long-term storage developed for other CCS applications. Our
resultsillustrate the challenges of ensuring the take-off and expansion
of thiswider and more diverse technological ecosystem that will be key
to the success of BECCS and DACCS.
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More broadly, our research contributes to the analysis of the
growth of policy-driven emerging technologies. We show how appro-
priate growth metrics and reference cases make it possible to develop
empirically grounded feasibility spaces and feasibility frontiers for dis-
tinct phases of technological growth, and thus projectits deployment
based on realistic and transparent assumptions. This approach can
be applied not only to global but also to national and regional targets
(Fig.1, Supplementary Note 7, Extended Data Figs. 6 and 7 and Extended
DataTable 3), as well as to other climate and energy technologies that
are currently in the early stages of development.

Online content

Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information,
acknowledgements, peer review information; details of author contri-
butionsand competinginterests; and statements of dataand code avail-
ability are available at https://doi.org/10.1038/s41558-024-02104-0.

References

1. Fuss, S. et al. Betting on negative emissions. Nat. Clim. Change 4,
850-853 (2014).

2. Stoddard, I. et al. Three decades of climate mitigation: why
haven't we bent the global emissions curve? Annu. Rev. Environ.
Resour. 46, 1-37 (2021).

3. Anderson, K. & Peters, G. The trouble with negative emissions.
Science 354, 182-183 (2016).

4. Martin-Roberts, E. et al. Carbon capture and storage at the end of
a lost decade. One Earth 4, 1569-1584 (2021).

5. Global Status of CCS 2022. Global CCS Institute Report (GCCSI,
2022); https://status22.globalccsinstitute.com/wp-content/
uploads/2022/10/Global-Status-of-CCS-2022-Report-Final-
compressed.pdf

6. Global Carbon Capture Capacity Due to Rise Sixfold by 2030.
Bloomberg New Energy Finance (BNEF) https://about.bnef.com/
blog/global-carbon-capture-capacity-due-to-rise-sixfold-by-2030
(2022).

7. CCUS Projects Explorer. International Energy Agency (IEA)
www.iea.org/data-and-statistics/data-tools/ccus-projects-
explorer (2023).

8. Wang, N., Akimoto, K. & Nemet, G. F. What went wrong?

Learning from three decades of carbon capture, utilization and
sequestration (CCUS) pilot and demonstration projects. Energy
Policy 158, 112546 (2021).

9. Abdulla, A., Hanna, R., Schell, K. R., Babacan, O. & Victor, D. G.
Explaining successful and failed investments in U.S. carbon
capture and storage using empirical and expert assessments.
Environ. Res. Lett. 16, 014036 (2021).

10. IPCC Climate Change 2022: Mitigation of Climate Change
(eds Shukla, P.R. et al.) (IPCC, 2022).

1. World Energy Transitions Outlook 2023: 1.5°C Pathway (IRENA, 2023).

12.  Net Zero by 2050. A Roadmap for the Global Energy Sector
(International Energy Agency, 2021); https://iea.blob.core.
windows.net/assets/beceb956-0dcf-4d73-89fe-1310e3046d68/
NetZeroby2050-ARoadmapfortheGlobalEnergySector CORR.pdf

13. Net Zero Roadmap. A Global Pathway to Keep the 1.5 °C Goal in
Reach (International Energy Agency, 2023); https://iea.blob.core.
windows.net/assets/13dab083-08c3-4dfd-a887-42a3ebe533bc/
NetZeroRoadmap_AGlobalPathwaytoKeepthel.5CGoalinReach-
2023Update.pdf

14. Wilson, C. & Grubler, A. Lessons from the history of technological
change for clean energy scenarios and policies. Nat. Resour.
Forum 35, 165-184 (2011).

15. Hanna, R., Abdulla, A., Xu, Y. & Victor, D. G. Emergency
deployment of direct air capture as a response to the climate
crisis. Nat. Commun. 12, 368 (2021).

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Wilson, C. Up-scaling, formative phases, and learning in the
historical diffusion of energy technologies. Energy Policy 50,
81-94 (2012).

Rogers, E. M. Diffusion of Innovations 5th edn (The Free Press,
2003).

Ewijk, S. V. & McDowall, W. Diffusion of flue gas desulfurization
reveals barriers and opportunities for carbon capture and storage.
Nat. Commun. 11, 4298 (2020).

Cherp, A., Vinichenko, V., Tosun, J., Gordon, J. A. & Jewell, J.
National growth dynamics of wind and solar power compared

to the growth required for global climate targets. Nat. Energy 6,
742-754 (2021).

Wilson, C., Grubler, A., Bauer, N., Krey, V. & Riahi, K. Future
capacity growth of energy technologies: are scenarios consistent
with historical evidence? Clim. Change 118, 381-395 (2013).
Odenweller, A., Ueckerdt, F., Nemet, G. F., Jensterle, M. &
Luderer, G. Probabilistic feasibility space of scaling up green
hydrogen supply. Nat. Energy 7, 854-865 (2022).

Kramer, G. J. & Haigh, M. No quick switch to low-carbon energy.
Nature 462, 568-569 (2009).

van Sluisveld, M. A. E. et al. Comparing future patterns of energy
system change in 2°C scenarios with historically observed rates
of change. Glob. Environ. Change 35, 436-449 (2015).

lyer, G. et al. Diffusion of low-carbon technologies and the
feasibility of long-term climate targets. Technol. Forecast. Soc.
Change 90, 103-118 (2015).

Napp, T. et al. Exploring the feasibility of low-carbon scenarios
using historical energy transitions analysis. Energies 10,

16 (2017).

Loftus, P. J., Cohen, A. M., Long, J. C. S. & Jenkins, J. D. A critical
review of global decarbonization scenarios: what do they tell us
about feasibility? Wiley Interdiscip. Rev.: Clim. Change 6, 93-112
(2015).

Jewell, J. & Cherp, A. The feasibility of climate action: bridging
the inside and the outside view through feasibility spaces. Wiley
Interdiscip. Rev.: Clim. Change 14, e838 (2023).

Roberts, C. & Nemet, G. Systematic historical analogue research
for decision-making (SHARD): introducing a new methodology
for using historical case studies to inform low-carbon transitions.
Energy Res. Soc. Sci. 93,102768 (2022).

Grubler, A., Wilson, C. & Nemet, G. Apples, oranges, and
consistent comparisons of the temporal dynamics of energy
transitions. Energy Res. Soc. Sci. 22, 18-25 (2016).

Bento, N. & Wilson, C. Measuring the duration of formative phases
for energy technologies. Environ. Innov. Soc. Transit. 21, 95-112
(2016).

Bento, N., Wilson, C. & Anadon, L. D. Time to get ready:
conceptualizing the temporal and spatial dynamics of formative
phases for energy technologies. Energy Policy 119, 282-293
(2018).

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

IPCC. Climate Change 2014: Mitigation of Climate Change (eds
Edenhofer, O. et al.) (Cambridge Univ. Press, 2014).

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
(IPCC, 2018).

Grubler, A., Nakicenovic, N. & Victor, D. G. Dynamics of energy
technologies and global change. Energy Policy 27, 247-280 (1999).
Jacobsson, S. & Bergek, A. Transforming the energy sector:

the evolution of technological systems in renewable energy
technology. Ind. Corp. Change 13, 815-849 (2004).

Nature Climate Change | Volume 14 | October 2024 | 1047-1055

1054

Content courtesy of Springer Nature, terms of use apply. Rights reserved



Article

https://doi.org/10.1038/s41558-024-02104-0

37.

38.

30.

40.

1.

42.

43.

44,

45,

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Griliches, Z. Hybrid corn: an exploration in the economics of
technological change. Econometrica 25, 501 (1957).

Rotmans, J., Kemp, R. & Asselt, M. V. More evolution than
revolution: transition management in public policy. Foresight 3,
15-31(2007).

Jewell, J. & Cherp, A. On the political feasibility of climate change
mitigation pathways: is it too late to keep warming below 1.5°C?
Wiley Interdiscip. Res.: Clim. Change 11, €621 (2020).

Kahneman, D. & Lovallo, D. Timid choices and bold forecasts:

a cognitive perspective on risk taking. Manag. Sci. 39, 17-31
(1993).

Lovallo, D. & Kahneman, D. Delusions of success. How optimism
undermines executives’ decisions. Harv. Bus. Rev. 81, 56-63, 117
(2003).

Reiner, D. M. Learning through a portfolio of carbon capture and
storage demonstration projects. Nat. Energy 1, 15011 (2016).
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”. Zenodo https://doi.org/10.5281/
zenodo.12706872 (2024).

Bains, P., Psarras, P. & Wilcox, J. CO, capture from the industry
sector. Prog. Energy Combust. Sci. 63, 146-172 (2017).

Bui, M. et al. Carbon capture and storage (CCS): the way forward.
Energy Environ. Sci. 11, 1062-1176 (2018).

Kearns, D., Liu, H. & Consoli, C. Technology Readiness and Costs of
CCS (GCCsl, 2021).

House, K. Z. et al. Economic and energetic analysis of capturing
CO, from ambient air. Proc. Natl Acad. Sci. USA 108, 20428-
20433 (2011).

Nuclear Plant Cancellations: Causes, Costs, and Consequences
(USDOE, Office of Scientific and Technical Information, 1983).
Harris, M. C. Sr. & Wynne, K. J. Explaining the decline of nuclear
power in the United States: evidence from plant cancellation
decisions. J. Energy Dev. 14, 253-267 (1989).

Ikenberry, G. J. The irony of state strength: comparative responses
to the oil shocks in the 1970s. Int. Organ. 40, 105-137 (1986).
Flyvbjerg, B. & Gardner, D. How Big Things Get Done: The
Surprising Factors that Determine the Fate of Every Project, from
Home Renovations to Space Exploration and Everything In Between
(McClelland & Stewart, 2023).

Wilson, C. et al. Granular technologies to accelerate
decarbonization. Science 368, 36-39 (2020).

Malhotra, A. & Schmidt, T. S. Accelerating Low-Carbon
Innovation. Joule 4, 2259-2267 (2020).

Binz, C. & Truffer, B. Global innovation systems—a conceptual
framework for innovation dynamics in transnational contexts. Res.
Policy 46, 1284-1298 (2017).

Vinichenko, V., Jewell, J., Jacobsson, J. & Cherp, A. Historical
diffusion of nuclear, wind and solar power in different national
contexts: implications for climate mitigation pathways. Environ.
Res. Lett. 18, 094066 (2023).

Grubler, A. et al. A low energy demand scenario for meeting the
1.5 °C target and sustainable development goals without negative
emission technologies. Nat. Energy 3, 515-527 (2018).

McDowall, W. Are scenarios of hydrogen vehicle adoption
optimistic? A comparison with historical analogies. Environ. Innov.
Soc. Tr. 20, 48-61(2016).

Grubb, M., Drummond, P. & Hughes, N. The Shape and Pace

of Change in the Electricity Transition: Sectoral Dynamics and
Indicators of Progress (We Mean Business Coalition, 2020).
Hecht, G. The Radiance of France: Nuclear Power and National
Identity after World War I (MIT, 2000).

Brutschin, E., Cherp, A. & Jewell, J. Failing the formative phase:
the global diffusion of nuclear power is limited by national
markets. Energy Res. Soc. Sci. 80, 102221 (2021).

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

7.

72.

73.

74.

75.

76.

71.

McLaren, D. & Markusson, N. The co-evolution of technological
promises, modelling, policies and climate change targets. Nat.
Clim. Change 10, 392-397 (2020).

Anderson, K. & Jewell, J. Climate-policy models debated. Nature
573, 448-449 (2019).

Anderson, K. et al. Controversies of carbon dioxide removal. Nat.
Rev. Earth Environ. 4, 808-814 (2023).

Fuss, S. et al. Negative emissions - Part 2: costs, potentials and
side effects. Environ. Res. Lett. 13, 063002 (2018).

Vuuren, D. P. V. et al. Alternative pathways to the 1.5 °C target
reduce the need for negative emission technologies. Nat. Clim.
Change 8, 391-397 (2018).

Beek, L. V., Oomen, J., Hajer, M., Pelzer, P. & Vuuren, D. V.
Navigating the political: an analysis of political calibration of
integrated assessment modelling in light of the 1.5 °C goal.
Environ. Sci. Policy 133, 193-202 (2022).

Soergel, B. et al. A sustainable development pathway for climate
action within the UN 2030 agenda. Nat. Clim. Change 11, 656-664
(2021).

Byers, E. et al. Scenarios Processing, Vetting and Feasibility
Assessment for the European Scientific Advisory Board on Climate
Change. Technical Report (International Institute for Applied
Systems Analysis and Potsdam Institute for Climate Imact
research, 2023).

Brutschin, E. et al. A multidimensional feasibility evaluation of
low-carbon scenarios. Environ. Res. Lett. 16, 064069 (2021).
Nemet, G., Greene, J., Miiller-Hansen, F. & Minx, J. C. Dataset on
the adoption of historical technologies informs the scale-up of
emerging carbon dioxide removal measures. Commun. Earth
Environ. 4, 397 (2023).

Edwards, M. R. et al. Modeling direct air carbon capture and
storage in a 1.5 °C climate future using historical analogs. Proc.
Natl Acad. Sci. USA 121, 2215679121 (2024).

Smith, S. M. et al. The State of Carbon Dioxide Removal 1st edn (2023).
Nemet, G. F. et al. Near-term deployment of novel carbon removal
to facilitate longer-term deployment. Joule 7, 2653-2659 (2023).
Lamb, W. F. et al. The carbon dioxide removal gap. Nat. Clim.
Change 14, 644-651(2024).

United Nations Statistics Division (UNSD). Energy statistics
database (2013).

International Energy Agency (IEA). World Energy Statistics and
Balances (IEA, accessed 1 February 2023); https://doi.org/10.1787/
data-00512-en

Ember. Yearly Electricity Data (Ember, accessed 23 February
2023); https://ember-climate.org/data-catalogue/
yearly-electricity-data/

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format,
as long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate
if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.
org/licenses/by/4.0/.

© The Author(s) 2024

Nature Climate Change | Volume 14 | October 2024 [ 1047-1055 . )
Content courtesy of Springer Nature, terms of use apply. Rights reserved

1055



Article

https://doi.org/10.1038/s41558-024-02104-0

Methods

CCS projects database

To study current and historical CCS project plans and their failure
rates, we build a dataset of completed, failed and currently planned
commercial (atleast 0.1 Mt yr™* capacity) CCS projects starting from
1972—the completion year of the firstintegrated CCS project (Terrell
natural gas processing plant). For each project, we code the capture
rate, project announcement and completion year, facility status
(for example, active, failed, planned), facility operation start and
end years, CO, storage type (for example, enhanced oil recovery
or dedicated geological storage), sectoral and subsectoral applica-
tion, country and region (Supplementary Tables 3 and 4). Data on
completed and failed projects was collected from annual Global CCS
Institute reports as well as dormant and existing databases listing
planned CCS projects at different points in time’®® (full list in Sup-
plementary Table 2), whereas data on currently planned projects
was gathered primarily from the recently published (March 2023)
IEA Carbon Capture, Utilization and Storage Projects Database’.
These sources were complemented with asystematic Google search,
described in Supplementary Note 1.

To facilitate the future use of our database in combination with
the IEA Carbon Capture, Utilization and Storage Projects Database,
we define our variables in line with the IEA’s database and filtered our
project entries to meet the minimum project capacity of 0.1 Mt yr™.
Tofacilitate the use of the database in combination with the IPCC AR6
Scenarios Database®, we align relevant variables with the AR6 scenario
variablesrelated to CCS. The resulting database is available in ref. 43.

IPCC pathways used in this study

Foranalysing future trajectories of CCS deploymentin the AR6 ensem-
ble, we use mitigation pathways classified under IPCC AR6 scenario
categories 1 (‘Below 1.5 °C with no or limited overshoot’), 2 (‘Below
1.5°C with high overshoot’), 3 (‘Likely below 2 °C’), 4 (‘Below 2 °C’)
and 5 (‘Below 2.5°C’)'°. We further group these categories into 1.5 °C-
(categories1and 2),2 °C- (categories 3 and 4) and 2.5 °C- (category 5)
compatible mitigation pathways. Because our analysis compared
future deployment trajectories for different temperature targets, we
exclude model families that did not produce pathways for each of the
three groups in the IPCC AR6 scenario ensemble, including TIAM (40
pathways), C-ROADS (5), EPPA (5) and MERGE (1).

Before proceeding with our analysis, we also checked scenario
datafor consistency with the actual CCS capacity in2020. Inthe result-
ing sample of pathways, CCS deployment in 2020 rarely reflected its
actual capacity (-35 MtCO,), with the majority of pathways reporting
zero for2020. We exclude 30 pathways where the CCS capacity in2020
isreported to be more than 50 MtCO, (some pathways reported up to
500 MtCO, in 2020). Our final sample was 840 pathways—218 1.5 °C-,
4232°C-and 199 2.5 °C-compatible pathways.

Our analysis of CCS deployment covers a range of CCS technolo-
gies (Extended DataFig.1and Supplementary Table1), including those
leading to negative emissions (BECCS and DACCS). Some inconsisten-
ciesrelated to these technologies were found among scenario outputs
between model families. For example, some model families report
DACCS deployment as a separate variable, others as a separate value
that is also included in the total CCS variable. Some model families
report DACCS and BECCS as negative values, others as positive. We
harmonize these outputs and use the resulting sum of BECCS, DACCS
and CCS capacity in fossil fuel and industry further in our analysis as
total CCS capacity.

Lastly, we append each scenario data time series (2020-2100)
with historical CCS capacity datafrom 2000-2020, thus replacing the
zerosin2020 (andfurther, ifless than the actual 2020 capacity) with the
latest value from our CCS Projects Database (35 MtCO,). Theresulting
dataset thus contains the 1.5 °C-2.5 °C pathways (840 pathways) with
decadal CCS deployment values from 2000 to 2100.

Defining the current and future CCS market potential

In this study, we define the market for CCS technologies as the annual
gross global CO, emissions in sectors where CCS is technologically
applicable. To estimate today’s CCS market, we calculate CO, emis-
sions from the Emissions Database for Global Atmospheric Research
(EDGAR) v.6 database® in sectors and subsectors with recorded CCS
plans (thatis, 'Energy systems' and 'Industry’ sector variables, exclud-
ing'Other' emissions). The resulting sum of ‘capturable’ CO, emissions,
which we defined as M,,,, results in 21 GtCO,.

To estimate future changes in the CCS market based on sce-
nario data, we first calculate the sum of the CO, emissions in these
CCS-applicable sectors for each decade up to 2100 as the sum of the
following scenario variables: Emissions|CO,|Energy|Supply, Emission
s|CO,|Energy|Demand|Industry, Emissions|CO,|Industrial Processes,
Emissions|CO,|Waste and Emissions|CO,|Other.

These values are reported as final or net (that is, after carbon
sequestration and removal). To calculate the size of the market (equa-
tion (1)), we convert the net CO, emissions to gross as the sum of the
former with the overall CCS capacity in the fossil-fuel-based and indus-
trial sectors (carbon sequestration), emissions reductions achieved
through non-CCS negative emissions technologies and negative emis-
sions CCS technologies (carbonremoval). Thus, the first part of equa-
tion (1) corresponds to the amount of CO, entering the atmospherein
year t (in sectors with capturable emissions) before being captured or
offset. To that, we add the BECCS and DACCS capacity as negative emis-
sions delivered by CCStechnologiesinyear ¢ (in mitigation pathways).
For anillustration of the approach, see Supplementary Fig. 4.

gross CO, emissions in year t

M, = E; + CCS,,; + NET; + CCSjpq, +

CCSy e @
N’
BECCS and DACCS

where:

e M,isthe CCS market sizeinyeart;

e E,isthe net CO, emissions in sectors where CCS technologies
canbeappliedinyear¢;

» CCS,,isthe sum of the biogenic and atmospheric (that is,
negative) CO, emissions captured and stored in year ¢;

* NET,is the sum of the other negative CO, emissions in year ¢; and

*  CCS,,q,is the sum of the fossil-based and industrial CO, emis-
sions captured and stored in year t.

The dataset with these variables calculated for each pathway is
availableinref. 43. Due to missing variables, 68 pathways (-10% of the
1.5 °C-and 2 °C-compatible pathways) failed to produce this metric.

Reference case selection

Selecting reference cases is central to the feasibility space method”.
In this study, we use three main sets of reference cases (Table 1), one
for each of the first three phases of the technology life cycle (Fig. 1).
Given the centrality of the policy support shaping the expansion of
CCS*, we use reference cases of technologies whose deployment was
strongly shaped by policy support—nuclear power*>*’, as well as solar
and wind power®®, These are capital-intensive technologies that have
alsoall faced public opposition® similar to the public opposition that
has already started plaguing CCS projects® (Supplementary Note 2).
These reference technologies provided evidence of feasible CCS
growthineach phase.

Giventhe marketimmaturity, capital intensity and lumpiness
of CCS, we identify the project failure rates of large-scale policy-driven
technologies at relatively low market penetration levels as reference
cases for the failure rate of CCS projectsin the formative phase. For the
two less optimistic failure rates, we use both the historical failure rate
of all CCS projects (88%) and a CCS subsector-adjusted rate based on
current project plans (76%, see below). These failure rates are compa-
rabletotherecentfailure of other emerginglarge-scale technologies,

9,52,53
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such as floating offshore wind power (>90%) and new applications
of solar (mainly concentrated solar power, 66%)***° (Supplementary
Table 5). For the optimistic case, we use the historical failure rate
of nuclear power in the United States (45%) in 1972-1982*¢, when it
accounted for 3% of the national electricity supply. We consider this
asanoptimisticbenchmark for CCS projects, given that nuclear power
was more commercially mature at that point.

In the acceleration and stable growth phases, we use the refer-
ence cases of nuclear, solar and wind power. In addition to being
policy-driven and capital-intensive, the historical development of
these technologies spans awide range of socio-political contexts that
can constrain or facilitate future CCS growth. This set of technologies
varies widely in terms of modularity, complexity and the degree of
customization required®>**, all of which might be relevant for CCS,
given the variety of potential applications (for example, from the
most complex BECCS to the more modular DACCS) and infrastructure
needs. We validated the resulting feasibility spacesin the acceleration
and stable growth phases with studies using the same'* or similar”
growth metricsin awider set of technologies or contexts.

Inaddition, we use the historical growth of FGD as areference case
for the CO, capture component of CCS'?°, FGD being an end-of-pipe
technology without the transportation, storage, public opposition,
high project costs or competitiveness challenges that CCS faces
(Supplementary Note 2 and Supplementary Table 9). However, given
the technological similarity to gas capture, it could be used to verify
whether the capture component of CCS imposes additional constraints
onthefeasible speed of CCS deployment. Inaddition, we use evidence
from FGD acceleration and growth in the sensitivity analysis on the
number of IPCC pathways that clear all the feasibility constraints and
the amount of CO, they envision capturing (Fig. 4, Extended DataFig. 4
and Supplementary Tables 7 and 8).

Feasibility space for the formative phase

The formative phase is shaped by the current state of the technology
and how volatileits growthis. We thus construct a feasibility space for
the operational CCS capacity in 2030 (Fig. 2) using today’s planned
capacity as a starting point. In projecting the operational capacity in
2030, we use two variables that shape growth volatility for emerging
policy-driven technologies in the formative phase—planned capacity
and its failure rate.

For the first variable, we assume the CCS plans to no more than
double (to 600 Mt yr™) from 2023 to 2025 (annual growth ~42%). This is
inlinewith the annual growthratesin2021and 2022, which have been
steadily declining since the start of the second wave, from108%in 2019
to 43% in 2022. Due to the small number of projects planned to start
operations by 2025°, we assume possible early project success to be
insufficient toignite industry interest beyond this ceiling by 2025. We
also assume 5 years for projectimplementation, which is the average
project delivery time of active and completed CCS projects. Thisisin
line with recent estimates of 4 to 7 years®'. Nevertheless, we account
for a potentially longer project delivery time, which is characteristic
of large-scale projects®*?, by using the currently planned capacity as
the feasible minimum.

For the second variable, we calculate the share of planned capacity
that fails to become operational by 2030 using three reference cases
(Table1l).For thefirst failure reference case, we estimate the historical
failure rate of all CCS projects (88%, equation (2)).

Ccsf,1972—2017

Frist = x 100% @)

CCSp,1972—2017
where:
o Fugisthehistorical CCS failure rate;

*  CCS:1072-2017 1S the capacity of failed projects between 1972 and
2017; and

+  CCS, 9722017 is the capacity of planned projects between 1972 and
2017.

For our second failure reference case, we calculate a subsector-
adjusted failurerate (76%), whichis an average of the historical subsec-
toral failure rates (Supplementary Table 1) weighted by their share in
2022 project plans. First, we calculate afailure rate for each subsector
(equation (3)). Then, we calculate the average failure rate weighted by
theshare of each subsectorin current project plans (equation (4)).If the
application of CCSis new (for example, BECCS electricity), with only
afew projects planned historically (n < 5), we use the historical failure
rate of all CCS projects (88%).

CCS¢5,1972-2017
Fo=S — 277707 «100% 3
$ Z ccsp,s,l972—2017
ccs
Fagj = 3 Fe X 22292 5 1009 @)

CCSp 2022

where:

e F,isthe historical failure rate in subsector s;

e CCS;is the capacity of failed projects between 1972 and 2017 in
subsector s;

» CCS, is the capacity of planned projects between 1972 and 2017
in subsector s;

+  F,qisthe subesector-adjusted failure rate of current CCS plans;

+ CCS, .02 is the planned capacity of projects in subsector sin
2022; and

+  CCS, 0y is the total capacity of planned projects in 2022.

Finally, for the third CCS failure rate reference case, we use adec-
adalfailure episode of nuclear power deploymentin the United States
(1972-1982), as documented inref. 48. The year when the first failures
occurred was 1972, so some projects that failed from 1972 t0 1982 had
been planned before1972. During this time period, we calculate afailure
rate of 45% for all planned nuclear power plant projects. We find this
episode to be a fitting reference case for the current plans for CCS
globally for several reasons. First, in 1972, nuclear power production
was still concentrated in a few pioneering countries led by the United
States, and the global share of nuclear power in electricity production
was less then 2.5%, which means it was close to the formative phase.
Second, CCS and nuclear power share several similarities in terms
of technological characteristics, such as lumpiness®*, the need for
customization®*** and capital intensity®.

Feasibility spacein the acceleration phase

Thelevel of technological development during the acceleration phase
depends on the rate of growth and the initial level from which growth
starts. We construct a feasibility space for the acceleration phase, with
the potential market penetration in 2030 for the latter and the CAGR
between2030 and 2040 for the former. We measure the 10-year CAGR
for three reference cases of policy-driven emerging technologies—
wind, solar and nuclear power—from the time they reached similar
levels of market penetration compared to what can realistically be
achieved by CCSin 2030 (0.3-1.8%). For nuclear power, this period
corresponds to1961-1968, when nuclear power production had grown
from 0.15% (current market share of CCS) to 1.8% (maximum achievable
market share of CCS by 2030) of its maximum production in 2006.
For comparison, in 1961, there were 15 operational nuclear reactors
worldwide”. For wind power, which has not yet reached its maximum
capacity, wetook the period between 1995 and 2007, when wind power
productiongrew from 0.06%to 0.7% of global electricity production,
which roughly corresponds to 0.15% and 1.8%, respectively, assuming
the market potential of wind power is about 40% of the electricity sup-
ply”. For market penetration rates from 0.3-1.8% in these two reference
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cases, achieved every year in selected periods (above), we estimated
theacceleration rate for the following 10 years (equation (5)). For solar
power, it has been less than 10 years since it gained 1.8% of its global
market potential, therefore it forms a narrow segment of the feasibility
frontier (from 2008, when it gained 0.15%, up to 2012, when it gained
1.1% (ref. 77), assuming the market potential of solar power is about 40%
of the electricity supply”). Taken together, three time series formthree
y-axis feasibility frontiers of CCS accelerationin Fig. 3. From different
combinations of x- and y-axis metrics, we estimate the feasible range
of CCSdeployment by 2040. Inaddition, we measure the acceleration
of FGD normalized to the total coal power capacity, as areference case
for deployment of the CO, capture component of CCS.

To map the IPCC climate pathways onto the feasibility space for
acceleration, we calculate the market penetration level of CCSin2030
by dividing the CCS capacity in 2030 in each pathway (CCS,;,) by the
currentamount of capturable emissions insectors where CCS projects
arecurrently planned (M,,,,). Then, we calculate the CCS growth rates
in the acceleration phase in 2030-2040 using equation (5). Taken
together, these two variables formed the 2D density plot (R package
‘ggdensity’”®) for CCS acceleration in mitigation pathways (Fig. 3).

1
CCSy0\ @
Accs = (( ‘“")m - 1) x 100% )

CCS,

where:

*  Acisthegrowthrateinthe acceleration phase; and
e CCS;,isthe CCS capacity (including BECCS and DACCS) in year t.

Feasibility space in the stable growth phase

In the stable growth phase, the mechanisms supporting growth are
balanced out by those slowing it down, which can be measured with
the metric G, introduced in ref. 19. We construct a feasibility space
for the stable growth phase based on the maximum growth rate and
when this growth rate was achieved. To measure the Gimplied in the
IPCC pathways, we fit the Gompertz (equation (6)) and logistic growth
(equation (7)) models to a CCS deployment time series in 2030-2100
combined with the historical data on operational CCS capacity in
2000-2020. Because we are only interested in the stable growth rate,
wetruncate the resulting time series at the maximum annual CCS capac-
itytoincrease the goodness of fitin pathways where CCS deployment
startsto decrease after stable growth and saturation. Insuch pathways,
CCSisnever phased out by the end of the century.

Samp() = L ©)

L
Jiog(O = 13 ek 7)

where:

- eisaconstant approximately equal to 2.718;
« kisthegrowth constant; and
* t,istheinflection point.

Forthelogistic curve, theinflection pointislocated at 50% of the asymp-
tote, L. For the Gompertz curve, the inflection point is located at 37%
of the asymptote, L.

The G for the maximum annual addition of CCS capacity
(GtCO, yr?) ineach pathway is calculated as follows:

Lk

Ggmp = 3 (8)
Lk
Glog = 1 )

To account for the uncertainties concerning the size and dynamics of
the potential CCS market, which caneither expand due to theincreased
use of fossil fuels or adoption of negative emissions technologies, or
shrink due to climate change mitigation action, we normalize G to the
market size. We use two normalization options—today’s market size
(M,0,,*%) and the market size at the inflection point (Myy,,). For the
latter, scenario outputs only contain decadal data, which does not
allow precise measurement of the market size in the year of maximum
growth. To obtain approximate estimates of this value, we assume
the linear development of emissions trajectories within each decade
(equation (10)).

Moo =M,

Mrvax =M+ ——5 L x (TMax — ) (10)

where:

« TMaxis the year of the inflection point (and maximum growth);

« tand¢+10 are the years between which TMax is located (for
example, 2030 and 2040); and

« M,isthe market size at year t.

These two normalization options result in two maximum growth
rate variables—G,,, and Gry,,. Normalization to market size enables
us to compare these growth rates with global, regional and national
reference cases for nuclear, solar and wind power, where the maxi-
mum growth was normalized to the size of the market. In the cases
where solar and wind power are still accelerating, Gy, could not be
reliably estimated, and therefore we instead use a similar metric of
maximum growth, R;—the average added production over the last
three years normalized to the average market size over those years
(equation (11),"%°). These instances are reported in Extended Data
Table 1, where TMax is not reported. In addition, we measure the R,
of FGD (due to data availability’®), normalized to the total coal power
capacity as areference case for the maximum growth of the CO, cap-
ture component of CCS. Extended Data Fig. 3 displays the IQR ranges
for the Gy, estimated from cases where the stable growth phase had
already been reached>.

Pi—Pi_3
Ry = #M} x 100% 1)

2

where:

« Rjisametric used instead of Gy, for reference cases where the
maximum growth has not yet been achieved;

e P.isthe productioninyeart; and

¢ M,isthe marketsizeinyeart.

Forregional reference cases, we report the maximum growthrate
of nuclear power deploymentin the Organization for Economic Coop-
eration and Development region (with membership as of 1990). For
solarand wind power deployment, we estimate the maximum growth
for the Organization for Economic Cooperationand Development, the
27 countries of the European Union and Asian regions, with the latter
tworeported in Extended Data Table1as the fastest for wind and solar,
respectively. For national reference cases in this table, we estimate the
maximum growth rate in countries with electricity markets of around
100 TWh (or more), which we consider to be the most relevant for
climate change mitigation and this analysis. In Extended Data Table]1,
we report regional and five national reference cases with the fastest
maximum growth rate together with global values. In Extended Data
Fig. 3, the IQRs of the maximum growth rates in the national reference
cases are estimated based on all cases, regardless of the size of the
electricity market.
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We also calculate the duration of CCS diffusion from 10% to 90%
of its maximum capacity, envisaged in mitigation pathways, or At
(equations (12) and (13)).

In(0.1)
In (ln(O.Q))

Atgmp = o 12)
In(81
Atlog = n(k ) (13)

Vetting of mitigation pathways using feasibility constraints

In vetting the IPCC AR6 climate mitigation pathways with the
proposed metrics, we combine the three feasibility spaces for
analysing the feasible range of CCS deployment in the formative,
accelerationandstable growth phases. Our upper constraints for each
step are:

« Formative phase: up to a 45% failure rate and a doubling of
planned CCS capacity by 2025. This constraint results in the
maximum feasible CCS capacity by 2030 (0.37 Gt yr™).

« Acceleration phase: the acceleration rate of CCS in 2030-2040
is never faster than the highest acceleration observed for any of
our reference cases in the acceleration phase (wind, solar and
nuclear power).

« Stable growth phase: up to a 1.45% maximum annual growth
rate. This global maximum annual growth rate was achieved by
nuclear power in 1984 (average for Gompertz and logistic model
fits). This constraint represents the maximum feasible CCS
growth rate that can occur any time after take-off.

We measure the cumulative amount of CO, captured and stored
by 2070 and 2100 inthe IPCC AR6 climate mitigation scenarios by sum-
ming thelinearly extrapolated capacity of CCS technologies between
each decade, starting from 2030.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The data for this analysis, including the dataset of historical and
planned CCS projects, are available via Zenodo at https://doi.
org/10.5281/zenodo.12706872 (ref. 43) and GitHub at https://github.
com/poletresearch/CCS_article. For our analysis of CCS deployment
inclimate-constrained scenarios, we used the three most recent IPCC
scenario ensembles—ARS (ref. 33), SR1.5 (refs. 34,94) and AR6 (refs.
10,32). For the historical acceleration of wind and the stable growth
rates of wind and solar electricity production, we used IEA World Energy
Balances’. For the historical acceleration of solar, we used EMBER
yearly electricity data”. For the historical growth of nuclear, we used
the United Nations Statistics Division Energy Statistics Database”.
Source data are provided with this paper.

Code availability

The code for this analysis is available via Zenodo at https://doi.
org/10.5281/zenodo.12706872 (ref. 43) and GitHub at https://github.
com/poletresearch/CCS_article. The code for curve fitting used in this
article was originally developed by Cherp et al.” and is available at the
GitHub repository of the article https://github.com/poletresearch/
RES article.
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Extended Data Fig.1| Planned and operational CCS capacity, grouped by sector and subsector. Each facet shows operational (dark colored bars) and planned
(light colored bars) CCS capacity in 2002-2022, in Mt/yr. Planned capacity and historical failure rates (1972-2017) for each subsectoral application of CCS are reported

intext on each panel.
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Extended Data Fig. 2| Capturable emissionsin the IPCC AR6 scenario overshoot with a 50% probability (n=81); C2 - below 1.5°C with high overshoot
ensemble. This figure displays the size of potential CCS market over time (M,), (n=111); C3- likely below 2°C (n=249); C4 - below 2°C (n=132); C5 - below 2.5°C
in GtCO, (Methods). The box-plots show the interquartile range (IQR) with the (n=188); C6 - below 3.0°C (n=81)"°. 9% of pathways (86 out of 928 across all
median marked with a black line and whiskers extending from the IQR range to categories; 68 of them are C1-C4) failed to produce this metric due to missing
nonoutlier minimum and maximum. Categories vary by global mean surface air variables.

temperature change by 2100: C1 pathways stay below 1.5°C with no or limited
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Extended Data Fig. 3| Maximum growth rates of CCS capacity in the stable
growth phasein1.5°C- and 2°C-compatible IPCC AR6 pathways, compared
to maximum growth rates of nuclear, wind and solar power. a, The range of
maximum annual growth rates normalised to the market size in2022in IPCC
AR6 pathways'**? (G,022, n=218 for 1.5°C and n=418 for 2°C; 5 pathways envision
maximum growth after 2100 and thus are excluded from this analysis). b, The
range of maximum annual growth rates normalised to the market size the year
itis achieved (Gyy,,, N=568; 68 scenarios failed to produce M,due to missing
variables, see Extended Data Fig. 2 and Methods). cand d, The distribution of
maximum growth rates (Gy,,,,) and the years when itis achieved (TMax).1.5°C-
and 2°C-compatible pathways (n=192 for 1.5°C - panel ¢ and n=376 for 2°C - panel
d) shown as dots and their distribution forms the 2D-density plot (from white to
yellow). The diameter of circles illustrates the saturation level of CCS capacity
(Gt/yr) modelled for each pathway. e and f, The year of maximum annual growth

(0.0,0.1]
(0.1,0.2]

TMax, year of maximum growth

0.2,03]
(0.3,04]

(0.4, 0.5]
(0.5, 0.6]

(0.6,0.7]
(0.7, 0.8]

(0.8, 0.9]
(0.9, 1.0]

IPCC AR6 1.5°C
Pathways 2°C

(TMax, n=218 for 1.5°C and n=418 for 2°C). Each growth parameter is calculated
asthe average between logistic and Gompertz growth model outputs (Methods).
Inpanelsa, b, e, f, the box-plots show the interquartile range (IQR) of growth
parameters in the pathway sample with the median marked with a black line and
whiskers extending from the IQR range to nonoutlier minimum and maximum.
Inpanels a-d, grey horizontal zones illustrate interquartile (IQR) ranges of
Gy inreference cases at the national scale (n=20 for nuclear, n=35 for wind,
n=24 for solar power), whereas the solid black lines illustrate reference cases of
empirically observed Gy, of wind and nuclear and R3 of solar power deployment
globally®. Note: this figure does not display 16 outliers (2% of the sample) where
Gy OF G,022>7%, or 2095 > TMax < 2100 - these observations are still included
inthe calculation of density distribution in panels ¢, d and interquartile ranges
inpanelsa,b.
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Extended Data Fig. 4 | Sensitivity of long-term outcomes of CCS deployment constraints used throughout this study (Table 1, Fig. 4, Methods). As for the

to the most optimistic constraints in the three phases of growth. The figure stable growth phase, the right column (‘G2022 w/o FGD’) of the figure depicts the
illustrates how different combinations of the most optimistic constraintsin outcomes with the stable growth constraint used throughout this study (global
the formative, acceleration (x-axis), and stable growth (columns) phases affect nuclear power deployment), whereas the left column (‘G2022 w/ FGD’) depicts
the cumulative CO, capture and storage between 2030 and 2070 (left y-axis) the outcomes with the stable growth constraint derived from the historical

and the share of IPCC pathways that meet these constraints (right y-axis). On deployment of FGD (**”°, Extended Data Table 1). Violins and boxplotsillustrate
the x-axis, ‘All pathways’ depicts 1.5°C- and 2°C-compatible (n=641, Methods) cumulative CO, capture and storage between 2030 and 2070 (in Gt, left y-axis):
IPCC AR6 ensemble™, ‘OptF’ is the most optimistic constraint in the formative the box-plots show the interquartile range (IQR) with the median marked witha
phase (0% failure rate and plans doubling between 2023 and 2025), ‘OptA’is black line and whiskers extending from the IQR range to nonoutlier minimum and
the most optimistic constraint in the acceleration phase (acceleration rate of maximum. Grey bars illustrate the share of pathways in each group (right y-axis).

FGD, Fig.3), ‘CentralF’ and ‘CentralA’ are the formative and acceleration phase

Nature Climate Change . ) . )
Content courtesy of Springer Nature, terms of use apply. Rights reserved



Article

https://doi.org/10.1038/s41558-024-02104-0

a b
30 304
~ 207 20 -
=
S
2
‘©
©
Qo
©
o
[)]
Q
(@]
10+ 10

20 40 60 80
Years since ensemble release

Ensembles ARS5 (2014) SR1.5(2018) ARG (2022)

Extended DataFig. 5| Projections of CCS capacity (incl. BECCS and DACCS)
required to meet the most stringent climate targets in different IPCC
scenario ensembles, in the years from the release of each ensemble.
a,Median and interquartile range of CCS capacity in the three latest IPCC scenario
ensembles for reaching below 1.5°C (Gt/yr). AR5* sample includes Category
1(430-480 ppm) which combines 1.5°C and (some) 2°C outcomes together®;

20 40 60 80
Years since ensemble release

IMPs from ensembles SR1.5 (2018) ARG (2022)

SR1.5*** includes '1.5C low overshoot’, "1.5C high overshoot’, and ‘Below 1.5C’
categories; AR6'*?includes Category 1and 2. b, 1.5°C Illustrative Mitigation
Pathways (IMPs) in the IPCC SR1.5 and AR6 scenario ensembles. IMPs were
used in SR1.5 (orange) and AR6 (blue). See Supplementary Table 10 for tabular
illustration of this data.
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Feasibility space of CCS deployment in the EU depicting operational CCS capacity
(Mt/yr) in 2030 as a function of CCS plans (y-axis) and their failure rates (x-axis).
The hatched zone represents all observations within the feasibility frontier and
thus consistent with empirically-grounded assumptions about near-term CCS
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plans and failure rates (crosses, Table 1). Isolines show different combinations of
planned capacity and failure rates that lead to the same operational CCS capacity
in2030. The shading shows that this frontier is fuzzy””*. Coloured isolines show
median IPCC AR61.5°C and 2°C CCS capacity for RIOEUROPE (which includes the
United Kingdom) in 2030 as well as the EU Net-Zero Industry Act (NZIA) target
(50 Mt”, Supplementary Note 7).
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Extended Data Fig. 7 | Feasibility space of CCS deployment in the EU for

the acceleration phase in2030-2040 compared to IPCC AR6 mitigation
pathways. CCS capacity and market penetration achieved by 2030 (x-axis)

in RIOEUROPE region versus a10-year moving compound annual growth rate
(CAGR) in2030-2040 (y-axis). 1.5°C- and 2°C-compatible scenarios'**? shown as
dots and their distribution forms the 2D-density plot (from white to yellow). The
maximum feasible capacity in 2030 makes up the feasibility frontier along the
x-axis (55 Mt/yr or 3.4% of the market potential, Fig. 2). Acceleration for reference
cases make up the three feasibility frontiers (black lines) for CCS accelerationin
2030-2040 based on the historical acceleration rates of nuclear, wind, and solar
power in EU28+UK as reference cases for CCS (Table 1). Dashed lines illustrate the
continuation of these reference cases under higher than realistic CCS capacity by
2030. The hatched zone represents all observations within the feasibility frontier

and the shading shows that this frontier is fuzzy**. For other (non-EU) reference
cases, see Extended Data Table 3. Light-blue and green isolines show different
combinations of the two metrics that lead to the median capacity in 1.5°C- and
2°C-compatible pathways regardless of feasibility considerations, whereas
dark-blueisolineillustrates the 2040 CCS capacity indicated in the EU Industrial
Carbon Management Strategy’®. To analyse the feasible range of CCS deployment
inthe EUby 2040 provided that the EU Net-Zero Industry Act (NZIA) target is met
by 2030 (blue line), we compare it to the feasibility frontiers shown on the figure
(Supplementary Note 7). Nuclear power acceleration rate was calculated froma
sample of countries thatincludes the former Yugoslavia. The x-axis of this figure
is cut at162 Mt/yr (10% of market potential) and 60% CAGR, thus excluding 56
1.5°C (33%) and 57 2°C pathways (16%). Density plots are constructed from the
entire sample of pathways.
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Extended Data Table 1| Maximum growth rate of CCS capacity in the stable growth phase in the IPCC AR6 pathways
compared to observed maximum growth of reference cases

TMax G (Gtyr?) G2022 GrMax

Target cases

2047 0.5 2.2% 2.9%
o
CCSGlobal 1.5°C  15040-2059]  [0.3-0.8]  [1.4-3.8%]  [2.2-4%]
. 2054 0.4 2% 2.4%
CCSGlobal 2% 15048-2060]  [0.3-0.6]  [1.4-3%]  [2-3%]
2067 0.4 2% 1.9%

CCSGlobal2.5%C  12060-2074]  [0.2-0.5]  [1-2.6%]  [1.3-2.3%]

Reference cases

Nuclear Global 1984 1.4%
Nuclear OECD 1982 1.9%
Nuclear France 1984 9.8%
Nuclear Sweden 1980 6.2%
Nuclear Spain 1985 6.0%
Nuclear Korea 1994 4.5%
Nuclear Japan 1984 2.7%
Wind Global 2018* 0.7%

Wind EU27 2017 0.9%
Wind Netherlands NA 2%

Wind Germany 2019* 2%

Wind Norway NA 1.9%
Wind UK 2016 1.8%
Wind Sweden 2018 1.7%
Solar Global NA 0.5%
Solar Asia 2019 0.7%
Solar Australia NA 2.3%
Solar Netherlands NA 2.1%
Solar Spain NA 1.7%
Solar Mexico 2019 1.3%
Solar Turkey 2016 1.1%

FGD Global** NA 10.7%

TMax - the year when maximum growth is achieved; G - maximum annual capacity additions of CCS; G,022 - maximum growth rate of CCS normalised to the maximum market size in

2022; Gyyay - maximum growth rate of CCS normalised to the maximum market size at TMax. For target cases'®”, values show the median and the IQR (in brackets) of average parameters

of Gompertz and logistic fits. For reference cases (Table 1), we report the global Gy, as well as the highest observations of Gy, in regional and national markets (Methods) - values show
average parameters of Gompertz and logistic fits unless otherwise specified. For reference cases where the maximum growth has not yet been achieved (that is TMax is not in the past) or
there is insufficient data, we calculate the maximum growth rate over three years (R3): 2017-2020 for Solar Global; 2005-2008 for FGD Global; 2018-2021 for the rest (Methods). Interquartile
ranges of Gy, observations in all national markets for each reference case are shown in Extended Data Fig. 3. FGD - flue gas desulfurisation. *TMax of logistic fit™; **FGD is used as a reference
case for the CO, capture component of CCS.
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Extended Data Table 2 | The effect of feasibility constraints at formative, acceleration, and stable growth phases used in this
study on long-term cumulative capture and storage of CO, in Gt by 2070 and 2100 for meeting climate targets

GtCO, captured and stored by 2070

Group (N of 1.5°C and 2°C pathways) 1.5°C (C1+C2) 2°C (C3+C4)
All pathways (218, 423) 286[208-485] 220[172-313]
Feasible by 2030 (53, 247) 219[200-274] 190 [158-226]
Feasible by 2040 (21, 188) 219[191-255] 182[152-211]
Feasible long-term Gag22 (8, 58) 0-206 151 [127-171]
Feasible long-term Grmax (3, 11) 0-113 113[103-129]

GtCO; captured and stored by 2070

Group (N of pathways per category) C1 C2 C3 C4

All pathways (91, 127, 278, 145) 294 [215-440] 283[206-515] 223[180-312] 202[160-360]
Feasible by 2030 (4, 49, 150, 97) 0-226 232[200-276] 194[169-235] 177[138-210]
Feasible by 2040 (2, 19, 108, 80) 0-226 219[196-262] 190[161-226] 169[130-201]
Feasible long-term Gao22 (1, 7, 43, 15) 0 98-206 160[146-175] 113[105-127]
Feasible long-term Grvax(1, 2, 3, 8) 0 98-113 99-241 102-142

GtCO, captured and stored by 2100

Group (N of 1.5°C and 2°C pathways) 1.5°C (C1+C2) 2°C (C3+C4)
All pathways (218, 423) 724 [532-1018] 644 [491-866]
Feasible by 2030 (53, 247) 584 [512-784] 567 [457-726]
Feasible by 2040 (21, 188) 605 [487-893] 541 [435-712]
Feasible long-term G2o,2 (8, 58) 0-605 411 [372-434]
Feasible long-term Grmax (3, 11) 0-290 385[284-403]

GtCO, captured and stored by 2100

Group (N of pathways per category) C1 Cc2 C3 C4

All pathways (91,127, 278, 145) [526(;)?348] [5527-3;1)92] [49?1?28] [502(-);25]
Feasible by 2030 (4, 49, 150, 97) 0-571 [512(_):13] [4532_3;31 3] [452?335]
Feasible by 2040 (2, 19, 108, 80) 0-557 [50625_);18] [4351)?:95] [452?325]
Feasible long-term Gzo22 (1, 7, 43, 15) 0 250-605 [3;;351] [3231_1397]
Feasible long-term Gmax(1, 2, 3, 8) 0 250-290 212-645  247-510

The table shows different groups of pathways before (‘all pathways’) and after imposing feasibility constraints (that is by 2030, 2040, and over the long-term) for 1.5°C- and 2°C-compatible
IPCC ARG pathways (top) as well as for IPCC Scenario Categories (bottom of each panel). 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; C2 - below 1.5°C with high overshoot; C3 - likely below 2°C; C4 - below 2°C™°. C1and C2 are thus grouped as 1.5°C-compatible; C3
and C4 as 2°C-compatible. Numbers in brackets in the first column show the number of pathways in each group. Numbers in the following columns show median values of CO, captured and
stored by 2070 (upper panel) and 2100 (lower panel); numbers in square brackets show the interquartile range of these values. Full ranges are reported for pathway groups with N <10
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Extended Data Table 3 | Feasible upper bounds of CCS capacity in the EU in 2030 and 2040 estimated from reference cases
and compared to the IPCC AR6 mitigation pathways

Formative phase (pre-2030) 88% failure & 76% failure & 45% failure & 45% failure &

assumptions current plans currentplans currentplans plans doubling

CCS Capacity (and market 8 (0.5%) 14 (0.9%) 29 (1.8%) 55 (3.4%)

penetration) in 2030

IPCC AR6 capacity in 2030 2°C:39[0-118] 1.5°C: 118 [38-185]

Acceleration in 2030-2040 ...same as wind (EU)

CAGR for reference period 32.0% 27.6% 21.3% 18.2%

CCS Capacity in 2040 128 160 200 293
...same as wind (China)

CAGR for reference period 47.4% 40.7% 31.3% 24.8%

CCS Capacity in 2040 387 426 442 504
...same as nuclear (EU)

CAGR for reference period 29.6% 23.2% 18.9% 17%

CCS Capacity in 2040 107 113 164 264
...same as nuclear (US)

CAGR for reference period 45.7% 41.8% 32.8% 24.9%

CCS Capacity in 2040 345 460 495 508

...same as solar (EU)

CAGR for reference period 34.8% 28.2% 21.1% 15.1%

CCS Capacity in 2040 159 168 197 224

IPCC AR6 Capacity in 2040 2°C: 251 [174-400] 1.5°C: 437 [288-654]

Columns illustrate different outcomes at the formative phase (that is CCS deployment by 2030), whereas rows illustrate the compound annual growth rate (CAGR) for each 10-year reference
period and the resulting CCS capacity by 2040. Values are reported in Mt/yr unless otherwise specified. For IPCC pathways, numbers show median values of CO, captured and stored by
2040, and numbers in square brackets show the interquartile range of these values
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Data collection  No software was used for data collection

Data analysis This study used R programming language (v. 4.3.2 2023-10-31) for data analysis.
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- For clinical datasets or third party data, please ensure that the statement adheres to our policy

The data for this Analysis, including the dataset of historical and planned CCS projects, are available via Zenodo at https://doi.org/10.5281/zenod0.12706872 and
GitHub at https://github.com/poletresearch/CCS_article. For our analysis of CCS deployment in climate-constrained scenarios, we use three most recent IPCC
scenario ensembles: AR5 (https://iiasa.ac.at/models-tools-data/ar5), SR1.5 (https://data.ene.iiasa.ac.at/iamc-1.5c-explorer/#/login?redirect=%2Fworkspaces), and
ARG (https://iiasa.ac.at/models-tools-data/ar6-scenario-explorer-and-database). For the historical acceleration of wind and stable growth rates of wind and solar
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electricity production, we use IEA World Energy Balances (https://www.iea.org/data-and-statistics/data-product/world-energy-balances). For historical acceleration
of solar, we use EMBER Yearly electricity data (https://ember-climate.org/data-catalogue/yearly-electricity-data/). For the historical growth of nuclear, we use UNSD
Energy Statistics Database (https://unstats.un.org/unsd/energystats/).
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Reporting on sex and gender N/A

Population characteristics N/A
Recruitment N/A
Ethics oversight N/A
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Behavioural & social sciences study design

All studies must disclose on these points even when the disclosure is negative.

Study description The study projects feasible ranges of carbon capture and storage (CCS) deployment in this century based on historical evidence of
CCS deployment and other policy-driven technologies.

Research sample The study uses quantitative data of CCS industry plans, historical growth of reference cases, and CCS growth in the IPCC pathways.

Sampling strategy For CCS industry plans, 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
analysing future trajectories of CCS deployment in the IPCC AR6 scenario ensemble, we used pathways classified under IPCC AR6
Scenario Categories 1 ("Below 1.5°C with no or limited overshoot”) and 2 ("Below 1.5°C with high overshoot”), 3 (“Likely below 2°C”),
4 (“Below 2°C”), and 5 (“Below 2.5°C”). We further grouped these categories into 1.5°C- (Category 1 and 2), 2°C- (Category 3 and 4),
and 2.5°C -(Category 5) compatible pathways For the historical growth of reference cases, we used datasets described in the Data
Availability statement without any corrections.

Data collection Data on completed and failed projects has been collected from annual Global CCS Institute (GCCSI) reports as well as dormant and
existing databases listing planned CCS projects at different points in time (full list in Supplementary Table 2), whereas data on
currently planned projects has been gathered primarily from the recently published (March 2023) IEA CCUS Projects Database. These
sources have been complemented with a systematic Google search described in the Supplementary Note 1.

Timing The systematic Google search for CCS industry plans was conducted in November 2021 - March 2022 (Methods, Supplementary Note
1).
Data exclusions Since our analysis compares future deployment trajectories for different temperature targets, we excluded pathways made by model

families that did not produce scenarios for each of the three temperature groups (described above) in the IPCC AR6 scenario
ensemble: TIAM (40 scenarios), C-ROADS (5), EPPA (5), and MERGE (1). We also excluded 30 scenarios where CCS capacity in 2020
was reported to be more than 50 MtCO2 (which is not representative of the actual CCS capacity in 2023). Our final sample was 840
scenarios: 218 1.5°C-, 423 2°C-, 199 2.5°C-compatible scenarios. The resulting sample was harmonized to represent the combined
capacity of BECCS, DACCS, and CCS technologies for our further analysis.

Non-participation N/A

Randomization N/A
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