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Delaying carbon dioxide removal in the European
Union puts climate targets at risk
Ángel Galán-Martín 1,2,3,7, Daniel Vázquez 1,4,7, Selene Cobo 1, Niall Mac Dowell 5,6,

José Antonio Caballero 4 & Gonzalo Guillén-Gosálbez 1✉

Carbon dioxide removal (CDR) will be essential to meet the climate targets, so enabling its

deployment at the right time will be decisive. Here, we investigate the still poorly understood

implications of delaying CDR actions, focusing on integrating direct air capture and bioenergy

with carbon capture and storage (DACCS and BECCS) into the European Union power mix.

Under an indicative target of −50 Gt of net CO2 by 2100, delayed CDR would cost an extra of

0.12−0.19 trillion EUR per year of inaction. Moreover, postponing CDR beyond mid-century

would substantially reduce the removal potential to almost half (−35.60 Gt CO2) due to the

underused biomass and land resources and the maximum technology diffusion speed. The

effective design of BECCS and DACCS systems calls for long-term planning starting from now

and aligned with the evolving power systems. Our quantitative analysis of the consequences

of inaction on CDR—with climate targets at risk and fair CDR contributions at stake—should

help to break the current impasse and incentivize early actions worldwide.
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Due to the growing carbon emissions and rising global
temperatures, carbon dioxide removal (CDR) will become
essential to combat climate change1–4. According to the

most recent integrated assessment modeling scenarios (IAMs),
limiting global warming to 1.5 °C will require deploying CDR to
remove 10-20 Gt/yr of CO2 over the 21st century, and cutting
emissions sharply to reach carbon neutrality around mid-century
and ultimately become carbon-negative2,5,6.

CDR technologies and practices deliver net negative emissions
by removing and sequestering CO2 from the atmosphere7,8.
Nature-based strategies sequester the CO2 in natural sinks (e.g.,
afforestation/reforestation, AR, and tailored agricultural prac-
tices), while engineered CDR stores the CO2 either in geological
sites or minerals (e.g., enhanced weathering, Bio-Energy with
Carbon Capture and Storage, BECCS, and Direct Air Carbon
Capture and Storage, DACCS)8–10. To date, most IAMs already
include AR and BECCS11, while other CDR options with low
technology readiness levels and limited removal potential are
often omitted1,5,8. BECCS is particularly appealing because it
removes CO2 while delivering renewable and reliable energy12;
however, it can lead to large impacts on ecosystems and biodi-
versity, which could be alleviated by resorting to DACCS13–16.
DACCS shows a large removal potential limited mainly by the
storage capacity5,17, yet its large heat and power requirements
hamper its large-scale adoption16,18,19, suggesting that an optimal
regionalized portfolio of CDR strategies should be sought.

The CDR deployment to date has been minimal20,21 with only
1.5 million t CO2/yr removed via BECCS9,22 and around 0.01
million t CO2/yr18 with DAC technologies, often deployed
without long term CO2 storage. The main barriers for CDR
deployment include the lack of consensus on the need to start
CDR today—as it is often perceived as a problem for later—, the
absence of market incentives and strong political drivers, and
governance challenges. Moreover, debates on the ethics sur-
rounding CDR have also emerged over the so-called moral hazard
and betting concerns about negative emissions1,23–26. These
concerns refer to the risk of obstructing emissions cuts and
delaying CDR deployment27,28 under the assumption that CDR
could be adopted to the extent and with the motion needed to
compensate ongoing emissions and meet the climate goals. In
practice, however, future technological, social, and environmental
barriers that remain largely unexplored29–31 may hinder the
implementation of CDR and the attainment of the long-term
temperature targets26,32–35.

Deterring mitigation actions and delaying CDR is already
perceived as risky26,36, with ongoing discussions advocating the
definition of separate mitigation and removal targets to promote
CDR30,36–39. The consequences of delaying mitigation actions
have already been studied40–49, while the implications of post-
poning CDR remain unclear19,36,50,51. Hence, expanding our
currently limited knowledge on the perils of CDR inaction could
help break the current deadlock, expedite CDR measures, ensure
ambitious contributions consistent with fair responsibilities37 and
delineate the best plan forward to combat climate change.

Here we fill this gap by studying the implications of CDR
inaction, focusing on BECCS and DACCS deployment in the
European Union (EU) as key engineered CDR strategies strongly
linked to the energy sector52,53. The EU is expected to play a vital
role in future CDR actions54–56 and has proposed a legally
binding climate-neutrality target by 205057–59 that will require
CDR measures yet to be defined56. Applying a tailored energy
systems model, we find that postponing CDR actions could
increase the removal costs quite substantially (e.g., 0.12–0.19
trillion EUR2015 per year of inaction to deliver −50 Gt of net
CO2 emissions) and drastically reduce the removal potential,
putting the EU at risk of missing targets (e.g., from −73.73 to

−35.60 Gt CO2 by delaying CDR action from 2020 to 2050,
respectively). Our results highlight the urgent need to deploy
CDR early to meet the climate goals on time and in a cost-
effective manner.

Results
Consequences of delayed CDR actions: extra-costs and under-
exploitation of resources. We start by analyzing the implications
on costs and emissions of delaying the large-scale deployment of
BECCS and DACCS. To this end, we apply an energy systems
model (i.e., RAPID) that captures the interplay between the CDR
technologies and the power sector to identify the minimum cost
(Fig. 1a) and maximum net negative emissions potential (Fig. 1b)
roadmaps, starting the CDR deployment at different points in
time in 2020–2100 (optimal solutions every five years depicted
with markers in Fig. 1). RAPID identifies the optimal portfolio of
power technologies, BECCS and DACCS, including their location
and installed capacities, which may vary over time to meet a given
energy demand pattern and CO2 removal target (details in
Methods).

We first investigate the economic implications of delaying CDR
for various net CO2 emissions targets, finding that postponing
CDR increases the removal cost, first smoothly and then sharply
as we further postpone actions (Fig. 1a). For example, reaching
carbon neutrality by 2100 by deploying BECCS and DACCS from
2020 would cost 22.8 trillion EUR2015 (in the range 18.6–26.6,
uncertainty analysis in the Supplementary Tables 43–50), and
24.1 when starting in 2075 (18.2–29.5), while it would become
infeasible when starting after 2080. Delaying actions would
reduce the amount of cheap biomass available, making it
necessary to resort to the more expensive DACCS to attain the
CDR target (109–155 EUR2015 t−1 CO2 for DACCS considering
optimistic prospects vs. 61–86 EUR2015 t−1 CO2 with BECCS).
For example, to meet a target of −50 Gt net of CO2, DACCS
would have to remove 9% of the cumulative gross negative
emissions needed by 2100 when starting in 2020, and up to 40%
for a delayed start in 2050, after which this indicative CDR target
would be unattainable. For the same CDR target, each year of
CDR inaction would increase the removal cost in the range of
0.12-0.19 trillion EUR2015 by 2100. The opportunity cost of
delaying CDR would vary over time, depending on the gradual
mix decarbonization and improvements attained via learning
curves (e.g., CAPEX of DACCS expected to become c.a. 70%
cheaper in 2050 relative to 2020, Supplementary Table 14).

We next focus on the feasibility of the removal roadmaps,
assuming an emergency plan to maximize CDR, starting actions
in different years. We find that delaying CDR constrains the total
removal potential substantially (Fig. 1b), again, first smoothly and
then sharply. Notably, postponing the deployment of BECCS and
DACCS beyond 2050 might prevent the EU from removing −50
Gt CO2 before 2100 (i.e., EU emissions emitted in the last
decade56,60), while delays beyond 2080 might even impede
reaching carbon neutrality in the power sector. The EU would
maximize its CDR potential by deploying BECCS and DACCS
from today (i.e., net −73.73 Gt CO2 by 2100 starting from 2020,
Fig. 1b). This maximum CDR potential would be constrained by
the geological storage capacity in the EU, estimated at 90.53 Gt
CO2 for hydrocarbon reservoirs and aquifers61. In practice,
however, the final amount of CDR that could be delivered will be
subject to social acceptance issues, regulatory limitations,
competition for resources, and economic feasibility challenges.
For example, deploying BECCS at scale will be challenging due to
the competition for land and water with food production and
other sustainability concerns, including the high demand for
fertilizers required to sustain the bioenergy crops62. These issues
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could be addressed (to some extent) by resorting to marginal land
and residues and implementing sustainable management
practises62–64. Hence, the biomass potentials linked to the
availability of residues and marginal land are affected by
uncertainties. Notably, competition for the limited biomass
resources available will likely emerge due to the biomass
versatility to decarbonize different sectors (e.g., transport), while
marginal land availability might vary greatly due to improve-
ments in agriculture or dietary changes65. We performed a
sensitivity analysis to study the effects of these uncertainties,
finding that reducing the biomass availability (i.e., −25% of the
original estimates, Supplementary Fig. 2), would not change the
maximum CDR substantially starting actions today (−70.04 Gt
CO2 by 2100). This is because the storage capacity would still act

as the main bottleneck. However, when CDR actions are delayed
beyond 2050, the reduced availability of biomass would result in a
significant drop in the maximum CO2 removed (e.g., −17% and
−33% starting in 2050 and 2060, respectively). The costs of the
power system would also increase when biomass availability is
constrained further due to the need to resort to DACCS from the
early years. Note that our results only consider domestic biomass
resources and onshore geological sites. However, imported
biomass and CO2 storage capacity beyond the EU borders and
offshore storage sites may substantially increase the potential
despite facing international governance issues while posing
sustainability and social justice questions66,67. Hence, considering
other CO2 storage options (e.g., mineral trapping) or other
strategies beyond the power sector (e.g., planting trees or
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Fig. 1 Implications on costs and emissions of delayed-actions on carbon dioxide removal (CDR) considering different starting points for bioenergy with
carbon capture and storage (BECCS) and direct air carbon capture and storage (DACCS) deployment until 2100 (x-axis). Subplot (a) shows the
minimum costs of the European power system associated with increasing CDR targets. Subplot (b) shows the maximum cumulative net CDR that could be
attained considering the deployment of BECCS and DACCS from a particular point in time onwards (green profile only with BECCS, blue with DACCS, and
yellow considering both BECCS and DACCS). Dots correspond to the optimal solutions for the 5-year time steps starting in 2020 and ending in 2100. The
shaded area in subplot (b) indicates the uncertainty in the life cycle CO2 emissions (i.e., μ± 2σ, Methods for details on the uncertainty analysis). The pie
charts illustrate the proportion of gross CDR provided with BECCS and DACCS, respectively.
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improving soil carbon sequestration) could further increase the
EU’s CDR ambition. For example, leaving aside the shortcomings
related to permanence and vulnerability of the carbon sequestra-
tion in trees, reforesting the EU countries could provide an
additional removal potential of 0.91 Gt CO2 per year until the
sink saturates (i.e., 30 years when the forest reaches the steady-
state). Similarly, improved management practices such as
delaying harvests or adopting reduced-impact logging would
further remove 0.07 Gt CO2 per year by 210037,68. The gradual
temporal decline in CDR potential is due to the underused
resources (i.e., biomass residues and unexploited marginal land to
grow energy crops) and the maximum diffusion rates of the CDR
technologies. Lacking sufficient BECCS capacity to process the
biomass residues, they would degrade and eventually release the
biogenic carbon to the air in the form of CO2, while the unused
marginal land would represent an opportunity lost. Furthermore,
the technology diffusion factor constraining the deployment
speed (e.g., 20% of annual capacity up-scaling69) critically limits
the maximum attainable DACCS capacity. The potential reduc-
tion varies linearly over time for BECCS (green curve in Fig. 1b)
and follows a sigmoidal shape for DACCS, with a critical point
around 2045. This behavior is due to the unused biomass and
land resources, the main factors constraining BECCS, which
accumulate almost linearly over time. In contrast, the maximum
attainable DACCS capacity, only limited by the diffusion rate,
increases exponentially over time; consequently, further delays
result in much fewer DACCS plants ready to be deployed
on time.

Overall, in both the cost-optimal and the maximum removal
roadmap, BECCS emerges as predominant regardless of the
starting year, providing double benefits by contributing to CDR
while delivering reliable power to meet the demand (CDR
contribution breakdown in pie charts in Fig. 1a, b). When
maximizing the CDR potential, the DACCS contribution
increases with later starting years, while the BECCS contribution
declines due to the loss of biomass potential (e.g., DACCS from
23% starting in 2020 to 46% in 2045, Fig. 1b for the yellow
profile). However, the initial capacity for DACCS of 1 Mt of CO2

captured per year—reflecting the current scale ambition—and the
maximum growth rate of 20%/yr observed in the historical
deployment of power technologies19,51,69 would strongly limit the
maximum DACCS capacity when actions are further delayed.
Hence, deploying DACCS from 2050 would result in a
contribution of −30.57 Gt of CO2 by 2100 (i.e., 42% of the total
gross −72.94 Gt of CO2 removed), while the DACCS share
starting after 2080 would become negligible (i.e., <2%). In
contrast, the BECCS initial capacity set to 250MW—reflecting
the state-of-the-art largest biomass-fired power plants—results in
the deployment pace being limited mainly by the geological
capacity, except when starting actions near 2100, where the
diffusion rate constraint becomes the bottleneck. Notably, the
synergetic integration of BECCS with DACCS into the energy
system emerges as an appealing option to enhance the CO2

removal capacity (yellow curve showing always higher net CO2

removal than the green and blue profiles). Therefore, deploying
DACCS appears as a complementary option under a rapid
emergency deployment, lacking biomass resources or if BECCS
deployment is constrained by the diffusion speed, being
environmentally benefited from the carbon-negative electricity
supplied by BECCS at the expense of increasing costs19,52,70.

Our findings are particularly relevant in the context of the EU
Green Deal aiming at climate neutrality by 2050. The EU Climate
Law fails to explicitly discuss the role of CDR technologies (other
than land sink removals) to meet such a goal. However, to
become climate neutral in 2050 (and provide negative emissions
beyond then), it seems clear that some countries and sectors will

rely on CDR to offset emissions. In this context, the EU power
sector will likely play a key role in meeting the climate neutrality
target by reaching net-zero emissions before 2050 and then
becoming carbon negative to compensate emissions from hard-
to-abate sectors. Considering the 2020 to 2050 horizon, delaying
the deployment of BECCS and DACCS beyond 2040 might
prevent the EU power sector from reaching carbon neutrality in
2050 (e.g., –0.85 Gt CO2 by 2050 starting in 2040) while
increasing the costs in the range of 0.04–0.10 trillion EUR per
year of inaction (Supplementary Fig. 3). Therefore, promoting the
near-term integration of those technologies at the earliest is vital
to ensure that they can be deployed to the extent required to meet
the long-term goals.

Emissions pathways through 2100 for delayed CDR actions.
We next analyze the emission pathways, considering three
representative scenarios, namely, NOW, SLOW, and LATE, which
maximize the removal potential starting CDR actions in years
2020, 2055, and 2085, respectively (Methods section). The net CO2

emissions balance accounts for the: i) gross removal, i.e., total CO2

removed from the air, either via photosynthesis (BECCS) or
through physicochemical processes (DACCS); ii) anthropogenic
life cycle emissions embodied in the power technologies, BECCS
and DACCS supply chains; and, iii) CO2 emissions during bio-
mass/natural gas combustion in BECCS/DACCS facilities,
respectively, due to capture efficiencies below 100%. These emis-
sions contributions vary across pathways, which differ in the
availability of resources and maximum BECCS and DACCS
capacities (constrained by the technology diffusion rates).

In the NOW scenario (Fig. 2a), starting CDR actions in 2020,
the gross negative emissions would amount to −94.05 Gt CO2 by
2100, mostly provided by BECCS (77% in absolute terms) and a
small contribution by DACCS (23%), yielding −73.73 Gt of net
CO2 removed from the atmosphere. This scenario shows the
largest positive residual emissions (+20.31 Gt CO2), 63%
attributed to the uncaptured biogenic CO2 and the life cycle
emissions linked to BECCS supply chains (+7.11 and +5.74 Gt
CO2, respectively), 30% due to the life cycle emissions of the other
power technologies (excluding BECCS), 5% associated with the
life cycle emissions from DACCS and, finally, a marginal
contribution from the CO2 transportation and storage infra-
structure (<+1%). This scenario would fully exhaust the domestic
storage capacity in the EU, which would act as a bottleneck for
CDR. Furthermore, almost all the biomass resources available
would be exploited (i.e., 95% of the biomass residues and 94% of
marginal land), with a small amount lost due to the limited rate at
which BECCS could be scaled up during the first years
(Supplementary Fig. 4). The overall storage efficiency —i.e., total
net CO2 removed per kg of CO2 stored— would reach 81%, where
most geological sites would store the biogenic CO2 captured via
BECCS (71%), a smaller amount of atmospheric CO2 captured
with DACCS (24%), and finally the captured emissions linked to
the heating needs of DACCS (5%). Notably, when starting CDR
actions today, the geological capacity needed to store the CO2

captured in fossil power plants with CCS would be negligible,
thus delivering the maximum CDR constrained by the domestic
storage capacity (Fig. 3). DACCS would play a role in
complementing BECCS and ultimately helping to remove CO2

at the pace required, benefiting from the carbon-negative
electricity delivered in the system, and exploiting its flexibility
to be located closer to the geological sites in countries with scarce
biomass resources52,70.

In the SLOW scenario starting CDR actions in 2055, the
maximum gross and net removal potential would drop
considerably (−49.61 Gt and −35.60 Gt, respectively, vs.
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−94.05 Gt and −73.73 Gt in the NOW scenario), while the
storage capacity would not be fully exhausted (only 57% of the
capacity utilized). Notably, net negative CO2 emissions would not
be achieved until 2070 due to the need to offset the residual
emissions taking place until that year. Before 2080, the
deployment rate would limit the BECCS removal capacity, while
beyond 2080, biomass resources would become the bottleneck
(residues and land). 86% of the residues and 90% of the marginal
land available from 2055 to 2100 would be exploited, representing
only 63% and 57% of their respective total potentials (if actions
were started in 2020 and continued until 2100). In contrast, the

maximum deployment rate would constrain the DACCS capacity
(Supplementary Fig. 4). Furthermore, the storage efficiency would
be reduced to 69%, with 88% of the storage devoted to
atmospheric carbon and the remaining part storing fossil carbon
(i.e., from natural gas combustion powering DACCS and power
plants with CCS). The global EU geological storage capacity
would not be fully depleted5, yet competition between fossil and
atmospheric captured CO2 for the sites available at the regional
level could become an issue, particularly given the increasing
policy support for CCS in fossil-fired power plants in many
countries71.
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Fig. 3 Regional implications for the European energy system starting the deployment of bioenergy with carbon capture and storage (BECCS) and
direct air carbon capture and storage (DACCS) in 2020 (NOW scenario). Subplot (a) corresponds to the optimal electricity generation by 2100 in each
European country. The pie charts show the share of generation per electricity technology depicted with different colors, while the size of the pie charts is
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Finally, in the LATE scenario, the maximum gross negative
emissions would be substantially reduced to −7.09 Gt CO2. The
removal potential would be limited by the maximum diffusion
rates of BECCS and DACCS, which would even impede reaching
CO2 neutrality in the EU power sector (+1.54 Gt of net CO2

emissions by 2100) and constrain the use of residues and land to
40% and 20% of their maximum availability from 2020 to 2100,
respectively. Most of the biomass resources would be consumed
by biomass power without CCS during the inaction periods (only
8% of the total residues and 14% of the land available in the
period 2020–2100 would be exploited with BECCS after 2085).
Here, DACCS would play a minor role, removing only −0.05 Gt
of CO2 by 2100 due to the slow speed at which it could be scaled
up. The storage efficiency would substantially decrease, with 25%
of the total capacity available devoted to fossil CO2 emissions.

Overall, delaying the CDR deployment would lead to the
underuse of biomass and land resources, tighter bounds on the
BECCS and DACCS facilities, and domestic storage sites depleted
with fossil carbon, which altogether would reduce the future
ability of individual countries on CDR. However, transboundary
agreements enabling import/exports of biomass and CO2, new
estimates of suitable geological sites, less conservative biomass
potentials, and a broader CDR portfolio beyond the energy sector
could enhance the EU’s ability to deliver net negative emissions37.

Regional implications for the energy systems. The carbon-
negative electricity supplied by BECCS and the large electricity
and heating requirements of DACCS create strong links between
them and the power system. Therefore, their deployment would
require long-term planning, ensuring their effective integration
into the evolving portfolio of power technologies starting at the
earliest. In the NOW scenario (shown in Fig. 3, SLOW and LATE
scenarios in Supplementary Figs. 5 and 6, respectively), the total
electricity generated in the EU by 2100 would be produced mostly
by wind onshore (41%), followed by nuclear (23%), BECCS (8%),
hydropower run-of-river and wind offshore (both with 7%),
concentrated solar power (6%), hydropower from reservoirs (6%),
and marginal contributions from natural gas, solar photovoltaic
open ground, biomass w/o CCS, and geothermal (<1%) (Fig. 3a).
Notably, BECCS becomes relevant in the generation portfolio,
providing firm capacity and ancillary services to support the high
penetration of intermittent technologies with dispatchable
carbon-negative electricity. Overall, a handful of countries would
shoulder most of the CDR efforts. Only four countries would
deliver almost half of the gross removal by 2100, with France and
Spain at the top deploying both BECCS and DACCS, followed by
Germany and Sweden deploying only BECCS (i.e., 44.37 Gt out of
94.05 Gt of gross CO2 removed, Fig. 3b).

Most of the BECCS capacity would be installed in Germany,
Poland, the Netherlands, Spain, and Finland (69% of the total),
exploiting their abundant biomass resources and also taking
advantage of their central location (in the case of Germany and
Poland). Spain, France, Germany, Sweden, and Poland would
provide most of the biomass resources, i.e., 54% of the total gross
CO2 removed via BECCS (−38.99 out of −72.59 Gt of CO2

removed with BECCS, Fig. 3b). Both forestry and agricultural
residues would be fully exploited in all countries starting BECCS
deployment from today. Forestry residues would contribute the
most to the CO2 removal (i.e., 45% of the total gross CO2

removed by 2100), while miscanthus production would occupy all
the marginal land available due to its overall superior carbon
sequestration potential, removing −15.87 Gt CO2 by 2100 (17%
of the total gross removed) and becoming the main carbon sink in
some countries (i.e., −6.16 Gt CO2 removed in Spain). Switch-
grass would also be cultivated in some regions, and the storage

capacity would no longer be the bottleneck if actions were further
delayed (SLOW and LATE scenarios in Supplementary Figs. 5b
and 6b, respectively). This is due to its relatively higher carbon
removal capacity (i.e., CO2 uptake per kg of pellets), which
provides more CDR in the remaining time but at the expense of
reducing the electricity delivered owing to its lower energy
density.

Regarding DACCS, the configuration relying on electricity and
heating would be the only one installed, benefiting from the
decarbonized electricity mix. In the NOW scenario, DACCS
would be established in eleven countries, with France, Spain, the
United Kingdom, Italy, and Romania providing 97% of the gross
removal from DACCS (i.e., −18,72 out of the −21.46 Gt CO2 by
2100), all of them with enough geological sites for storing the
captured CO2 domestically (Fig. 3b). For example, in France,
−6.65 Gt CO2 would be removed via DACCS by 2100, taking
advantage of its abundant saline aquifers and decarbonized mix
dominated by wind onshore and nuclear (Fig. 3a). Similarly, in
the United Kingdom, which lacks enough biomass resources to
exploit its storage capacity only with BECCS, −3.64 Gt CO2

would be removed with DACCS and stored in domestic
geological sites. In practice, this roadmap would require a
substantial number of DACCS facilities across the EU, i.e., around
268, with a capacity of 1 Mt CO2/yr (i.e., the largest DAC plant
under development today), out of which 83 would be installed in
France, 61 in Spain and 46 in the United Kingdom. These
DACCS plants would make the said countries incur extra costs
and suffer adverse environmental impacts, such as those linked to
the land requirements of the air contactors and the energy
technologies powering them. Delaying actions until 2055 (SLOW
scenario) would imply that less biomass is available, so the
BECCS capacity would diminish accordingly, and additionial
DACCS facilities would be deployed in Czech Republic, Den-
mark, and Slovakia to maximize CDR, taking advantage of the
geological storage available (Supplementary Fig. 5).

Wind capacity would be massively deployed in most countries,
becoming the dominant source in France, Spain, Italy, Germany,
United Kingdom, Sweden, and Finland (NOW scenario in
Fig. 3a). Notably, offshore wind would become predominant in
some countries, with 82% of the EU capacity located in the
United Kingdom, Finland, Germany, and Sweden. Solar power
plants would be deployed mostly in southern locations (i.e.,
Spain, Italy, and Greece), with substantial capacities of concen-
trating solar thermal power installed in high irradiation areas
providing dispatchable renewable electricity. Some countries
would also exploit their hydropower capacities, such as Austria,
France, Italy, Sweden, and Spain. The contribution of nuclear by
2100 would fall in the range 0.28-35.84 TWh, with France
showing the largest shares and the Netherlands the lowest. No
single new nuclear plant would be installed because we assume
that the capacity of this technology cannot be expanded. The
existing coal plants would be completely phased out. Natural gas
plants w/o CCS would still be required in United Kingdom,
Germany, the Netherlands, Romania, and the islands (Ireland,
Malta, and Cyprus), while playing a marginal role in the others.
Overall, the integrated power-CDR system would result in
carbon-negative electricity due to the high penetration of BECCS
in the EU power system (i.e., −0.24 t CO2/MWh), yet it would
unavoidably increase the Levelized Cost of Electricity (LCOE) to
113.03 €/MWh.

The optimal roadmap, assuming full cooperation among EU
countries, would entail an intensive trade of biomass, CO2, and
electricity (Fig. 4 for the NOW scenario and SLOW and LATE
scenarios in Supplementary Figs. 7 and 8). However, to minimize
the transport flows, the vast majority of the biomass demand
would still be supplied domestically, the captured CO2 stored
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locally, and the electricity generated consumed on-site (domestic
consumption in Fig. 4 depicted with the chords leaving and
entering the same country). Some regions would be net exporters
of biomass (e.g., France or Sweden) and some net importers (e.g.,
Netherland, Germany, or Denmark). The same would apply to
CO2, with, for example, Sweden, the United Kingdom, and
Romania acting as net importers and the Netherlands, Poland,

Finland, or Portugal becoming net exporters. Regarding elec-
tricity trade, countries such as France, Spain, and Sweden would
emerge as pivotal in the power system, acting as net exporters of
electricity to exploit their abundant low-carbon intensity
resources (e.g., electricity trades from France to Germany, Italy,
Netherlands, Belgium, and the United Kingdom, Fig. 4c).

The largest exchanges of biomass and CO2 would occur
between France-the Netherlands, and the Netherlands-the United
Kingdom, respectively (Fig. 4a, b). Notably, Sweden would export
biomass resources to Germany and Denmark to fully exploit its
abundant forestry residues (i.e., 1.34 and 1.15 Gt of pellets on a
dry basis, respectively, Fig. 4a). Other countries would export
CO2, e.g., Finland would send 2.21 Gt CO2 via pipeline to the
abundant deep saline aquifers and hydrocarbon fields in Sweden
(CO2 trades in Fig. 4b). Some countries would be almost self-
sufficient in terms of biomass resources, like Portugal, which
would transport CO2 to the Spanish geological sites due to its low
geological capacity. Overall, the transport of electricity (and CO2)
would be prioritized over the transport of biomass due to the
larger emissions of the latter considering a given electricity
demand (e.g., 0.01 vs. 0.11 kg CO2 to satisfy one kWh in an
importing country, respectively, considering miscanthus as
biomass source and a distance of 800 km in both cases). Hence,
BECCS plants would be mostly installed near the biomass
sources, leading to decentralized supply chains spread across the
EU territory. However, some countries would still import biomass
pellets to reduce their reliance on energy from outside the
country’s borders and to support the high penetration of
intermittent wind and solar with dispatchable carbon-negative
electricity from BECCS (e.g., the Netherlands importing pellets
from France or Denmark from Sweden, Fig. 4a).

The uneven distribution of domestic capacities (i.e., biomass
resources, storage sites, and renewable resources) would make
national and transnational collaboration essential to exploit bio-
geophysical endowments67,72 and remove CO2 to the extent
required. Hence, new agreements and regulatory frameworks will
be needed, and shaping them may further delay CDR
deployment.

Discussion
Here we studied the implications of delaying the roll-out of CDR
to raise concerns on the need to set effective plans to promote its
large-scale deployment at the right time to avoid extra costs and
miss climate targets.

To shed light on the economic, environmental, and technical
implications of the prolonged delay of CDR actions, we focused
on the deployment of BECCS and DACCS in the EU as

Fig. 4 Biomass trade, CO2 flows, and electricity transmission in the NOW
scenario by 2100. Subplot a shows the biomass traded in the form of
pellets between European countries. Subplot (b) shows the CO2

transported via a pipeline between European countries. Subplot c shows the
electricity traded between European countries. In the chord diagrams
produced using Circos83, the European countries are depicted by arcs on
the outer part of the circular layout, where the arc length provides the total
biomass (subplot a), CO2 (subplot b), and electricity (subplot c) imported,
exported and consumed/stored domestically (the latter refers to chords
leaving and entering the same country). Each chord represents a flow,
where its thickness is proportional to the magnitude of the trade (some
values are indicated for illustrative purposes). Chords directly connected to
the countries’ arcs represent an export (i.e., exporter country) while those
non-connected (separated by a white layer) correspond to imports.
Countries are labeled according to the ISO3 code abbreviation.
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prominent strategies intrinsically linked to the power system. We
found that postponing CDR could substantially increase the total
cost of the power system, with each year of inaction translating
into 0.12–0.19 trillion EUR2015 of extra cost to meet the -50 Gt
of net CO2 target. Notably, this extra cost, which could be avoided
in the EU by starting actions from today, compares to the esti-
mates of the additional annual investments required globally by
mid-century in the energy systems to limit global warming to
1.5 °C (i.e., between 0.15–1.70 trillion USD20102). Moreover,
delaying CDR actions would critically limit the removal potential
(e.g., −73.73 Gt CO2 starting in 2020 and −35.60 Gt CO2 after
2055) due to the underuse of biomass residues and marginal land
and the maximum diffusion rates of BECCS and DACCS. Hence,
postponing CDR deployment beyond mid-century might prevent
the EU from delivering a CDR level aligned with its fair
responsibility and its expected leading role37,56. After 2050, the
maximum CDR potential would be reduced to −56.35 Gt CO2,
representing around the CO2 emitted by the EU only during the
last decade and less than 10% of the global CDR required in
pathways showing limited overshoot of the 1.5 °C target2. With
the EU contributing short and its leadership efforts questioned,
there might be a row of dominoes with other countries remaining
impasse on CDR, which ultimately may impede a fair and rapid
transition for effective climate change mitigation.

Furthermore, we found that delaying BECCS and DACCS may
result in the inefficient use of the available domestic geological
storage. Retrofitting the existing coal and gas-fired power plants
with CCS to decarbonize the power sector would limit the storage
capacity available, potentially raising competition issues with
atmospheric CO2 sequestration. Although the global geological
capacity is deemed sufficient to meet the climate targets, it could
become a bottleneck at the regional level due to the asymmetric
distribution of storage sites. With policies promoting CCS in
fossil fuel power plants, some countries might exhaust the most
suitable geological sites with fossil CO2, which ultimately will
compromise their future CDR commitments. This reinforces the
need to phase out coal and natural gas for a full transition
towards renewable energy systems. Nevertheless, these policies
could offer a testbed to support CCS projects, including the
development of the CO2 transportation and storage infrastructure
needed to support CDR schemes. Without a supportive policy
framework, CDR will never take off in the short term despite
being imperative to offset hard to avoid energy and non-energy
emissions. In this context, governance issues should also be
considered to ensure that BECCS and DACCS will remove CO2 at
the scale and pace required. BECCS and DACCS supply chains
involving multiple countries and stakeholders will encompass a
wide range of activities (e.g., biomass growth, storage, transpor-
tation and processing, and CO2 transportation and storage). In
the absence of well-designed policy mechanisms rewarding all
CDR actors or direct incentives to engage with BECCS and
DACCS, their large-scale deployment is unlikely to occur. Hence,
integrating BECCS and DACCS into the evolving power systems
must be done at the earliest, ensuring the best use of the existing
resources through effective long-term strategic decisions and
planning.

CDR is gaining increasing attention in the political agendas of
governments, stakeholders, businesses, and industry. The recent
EU climate neutrality target by mid-century puts CDR back on
the table of reticent countries59. Hence, this study provides
valuable insight for CDR policymaking and future roadmaps
aiming to integrate BECCS and DACCS value chains into the EU
power systems. At the regional level, the least-cost distribution of
efforts may differ greatly from equitable shares and the will-
ingness to act in different countries37,73. In practice, key countries
might still be reluctant concerning CDR. These nations might not

fully participate and fail to shoulder their fair share of the EU
CDR burden, which will result in some countries having to do
more and faster and others contributing less and going slowly
towards the CDR required. Nevertheless, our findings demon-
strate that failure to start CDR at the right time would increase
the total costs and make climate targets slipping out of reach.

Overall, our work underscores the importance of taking early
actions on CDR. The potential economic and environmental
benefits that would be missed if we delayed action may act as an
incentive to spur CDR efforts worldwide. We focused on BECCS
and DACCS and the EU, yet other technologies should also be
considered and evaluated at the regional and global levels to
further motivate early CDR deployment. Regardless of the tech-
nological and spatial scope of the analysis, the underuse of
resources and the diffusion rates will limit our ability to remove
atmospheric carbon and increase the associated costs. We hope
that this quantitative analysis will help to break the current cli-
mate impasse, accelerate the take-off of CDR and get CDR
deployed at the right time to avoid missing the climate targets.

Methods
The RAPID model. We developed a bottom-up multi-period linear programming
model to explore the consequences of delaying CDR actions, referred to as the
RAPID model (RemovAl oPtImization moDel). RAPID is an energy systems model
that identifies the most cost-effective emissions and technology pathways by jointly
optimizing the power mix and the deployment of BECCS and DACCS, where CDR
is assumed to start from a particular year within the time horizon. RAPID can be
solved in two alternative ways, i.e., by minimizing the power system’s costs to meet
a net CDR target or by maximizing the net negative emissions balance. RAPID
includes a set of technical, cost, and emissions-related constraints that the solution
sought should satisfy. In each run, the model can retrofit the power mix from 2020.
However, it can only deploy BECCS and DACCS from a given year defined
beforehand and varied iteratively across runs. RAPID is implemented assuming
perfect foresight for the modeling timeframe, i.e., the model optimizes decisions for
every period with full visibility of the entire time horizon. For simplicity, the model
considers five-year intervals between 2020 to 2100. Note that RAPID is flexible, and
both the duration of the intervals and the horizon could be modified depending on
the needs.

RAPID is mathematically formulated in compact form as follows.

minxTC ¼ ∑
i2I

∑
j2J

∑
t2T

Cijtxijt ð1Þ

minxNE ¼ ∑
i2I

∑
j2J

∑
t2T

Eijtxijt ð2Þ

Aijtxijt ≤Wijt8i; j; t ð3Þ

xijt 2 R ð4Þ
where continuous variables xijt denote technical decisions, e.g., the area of land
devoted to a dedicated energy crop, the amount of residues exploited, the
technologies’ capacities, the transportation flows between EU countries (of biomass
resources and CO2), and the amount of electricity generated. These decisions are
optimized for every country j and time period t, considering a set of technologies i.
The model can be solved by minimizing the total cost (TC) as in Eq. 1, for a given
CDR target, or by minimizing the net emissions (NE), as in Eq. 2. Cijt are cost
parameters for each technology i in each region j and year t, while Eijt are emission
coefficients for each technology i in each region j and period t. Net CO2 targets are
here imposed jointly on all countries by assuming a cooperative strategy, i.e.,
∑
i2I

∑
j2J

∑
t2T

Eijtxijt ≤ α where α denotes the joint CDR target. Equation 3 represents

technical constraints (e.g., limits to the penetration of intermittent technologies,
demand satisfaction constraints, and technology diffusion constraints) as well as
equations that quantify the economic and CDR potential (Supplementary
Information). Parameters Aijt denote cost and emissions data as well as
technological parameters, while Wijt are parameters appearing on the right-hand
side of the constraints.

RAPID covers 15 state-of-the-art power technologies and the most prominent
CDR engineered options, including (i) conventional fossil power generation
technologies and their retrofit with CCS systems (coal and natural gas); (ii) firm
clean technologies, such as nuclear, biomass, hydropower, and geothermal; (iii)
intermittent technologies, such as wind onshore, wind offshore, solar photovoltaic
open-ground and solar photovoltaic flat roof installation; and (iv) CDR
technologies, i.e., BECCS based on six different types of biomass resources and two
DACCS technologies. RAPID models the entire supply chain of BECCS, i.e., from
the cultivation, harvesting, and pelletizing of the biomass resources to road
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transportation and conversion in power plants with CCS systems. The model
considers that biomass-based power technologies compete for the second-
generation biomass resources available, including high-productivity energy crops
grown on marginal land (i.e., short-rotation woody willow and two perennial grass
sources, miscanthus, and switchgrass) and residues from agriculture and forestry
activities. Regarding DACCS, RAPID includes proven technology based on high-
temperature aqueous sorbents, fully powered by natural gas or with both electricity
and heating from natural gas. The model considers the transportation of CO2 via
pipelines and its injection in geological sites (i.e., deep saline formations, depleted
hydrocarbon fields, and coal fields). For all these technologies, the model considers
exogenous learning costs curves as well as realistic diffusion rates limiting their
deployment.

RAPID optimizes decisions at the country level taken from 2020 to 2100 (five-
year periods) in the EU, divided into 28 countries. These temporal and spatial
scales are consistent with the scope of the analysis. Each country is modeled as a
load node with specific temporal patterns of demand and resource availability.
Distances between countries are quantified based on their centroids. Domestic
transport of biomass and CO2 within countries considers a standard distance of
100 km. Note that BECCS and DACCS supply chains may span several countries,
e.g., miscanthus cultivated in country A, transported to country B in the form of
pellets to be combusted, and the captured CO2 transported by pipeline and injected
in a saline aquifer in country C.

RAPID was implemented in the General Algebraic Modelling System (GAMS)
software74 version 32.2.0 and solved with the CPLEX solver on an Intel i9-9900
CPU, 3.10 GHz computer with 32 GB RAM. RAPID features 305,314 continuous
variables and 109,068 equations; the solution time is always in the range 10-
120 min depending on the instance solved. The computer code supporting our
analysis is available from the corresponding author upon request. A detailed
mathematical description of the RAPID model and the underlying assumptions can
be found in Supplementary Information Section 1 on “The RAPID model”
(Supplementary Equations 1-53). Data inputs are described and presented in
Supplementary data (Supplementary Tables 5–42).

Scenario definition and solution approach. We define three different scenarios,
labelled as NOW, SLOW and LATE, differing in the starting year for the CDR
deployment. The NOW scenario considers immediate CDR action starting in 2020.
The SLOW scenario assumes that CDR action starts in 2055, while the LATE
scenario delays CDR until 2085.

We solve RAPID considering the time horizon 2020-2100, divided into 16
periods t of five years length each, assuming that BECCS and DACCS can only be
deployed from a particular period t’ onwards. For example, when RAPID is solved
for 2050, we assume that CDR can only be deployed from 2050 to 2100, but not
before. Therefore, not deploying BECCS during inaction periods implies that
biomass residues are not mobilized, and the marginal land remains unexploited,
resulting in a CDR potential loss. In contrast, changes in the power mix can occur
at any year within the time horizon, assuming perfect foresight modeling. Power
plants and BECCS and DACCS facilities installed in period t operate until the end
of their useful life (i.e., from t to t þ UL=δ, where UL corresponds to the operating
lifetime of the technology expressed in years and δ represents the length of one
time period, i.e., five years). By running RAPID for different starting years for
CDR, we quantify the impact of delaying its deployment to various extents.
Delaying actions in time results in more constrained optimization problems, i.e.,
tighter feasible regions, as the capacities of BECCS and DACCS up to the
investigated period are fixed to zero. Consequently, the optimal solution worsens as
we solve RAPID for later starting years, as the level of flexibility in the optimization
diminishes accordingly (e.g., loss of biomass potential due to the underuse of land).
RAPID is deterministic, as it assumes that all model parameters are perfectly
known in advance. Nevertheless, we analyzed the effects of key uncertainties on our
results by defining three scenarios considering nominal, optimistic, and pessimistic
estimates (Uncertainty analysis section in Methods).

CO2 emissions balance. A life-cycle thinking approach was followed to estimate all
the emissions throughout the life cycle of all the activities involved in the integrated
system (power mix and CDR options). We applied life cycle assessment (LCA)
principles aligned with the ISO 14040 and ISO 14044 standards75–77. We adopted a
cradle-to-gate scope where all the emissions data (Eijt in Eqs. 2 and 3) for both the
foreground system (power mix and CDR facilities) and the background system
(surrounding activities linked to the foreground system) were retrieved from
Ecoinvent v3.578 (except for the crops cultivation phase, for which we used data
from the FEAT database79). The Ecoinvent database distinguishes between biogenic
and fossil CO2, both included in the life cycle inventory (LCI). The biogenic carbon
uptake and the biogenic carbon releases are often unbalanced at the level of activities
due to some allocation choices. Our integrated system consumes biomass resources
as the main feedstock for the BECCS and biomass power plants; consequently, we
need to manually adjust the CO2 balance to quantify precisely the CO2 removed
from the atmosphere, whose storage is ensured in the long term. This adjustment
applies as well to the DACCS, which also captures atmospheric CO2.

Bearing the above in mind, the biogenic carbon and the CO2 captured with
DACCS were tracked manually to adjust the CO2 balance. Hence, we first excluded all
the biogenic CO2 from the LCI of all the supply chain activities, thereby considering

only the non-biogenic emissions to air (list of elementary flows in Supplementary
Information section 2.2.4). Note that omitting the biogenic carbon is a common
practice in most LCIA methods focused on climate change under the assumption that
the CO2 uptake by biomass via photosynthesis will be eventually released again into
the air. Second, the CO2 uptake from the atmosphere via photosynthesis or chemical
reactions is modeled as a negative flow of CO2 entering the system. For the biomass
resources (i.e., energy crops and residues from agriculture and forestry activities), the
CO2 uptake is estimated from the carbon and water content (Supplementary
Table 25). Finally, these negative CO2 flows are tracked along the supply chains by
accounting for the flows leaving the system as positive flows (e.g., biomass losses,
uncaptured CO2, or other leakages), to precisely establish the CO2 emissions balance.
More details on the emissions data and associated references are presented in the
Supplementary Information in section 2.2.4.

Technology deployment. Diffusion rate constraints preclude solutions that are not
consistent with the deployment rates often found in similar technologies. BECCS is
constrained by both the availability of biomass resources and the maximum
deployment rate (as well as by the storage capacity). DACCS, however, is only
limited by the maximum diffusion rate (and the storage capacity). All power
technologies are constrained by the resource availability and diffusion rate, while the
model limits, in turn, the penetration of intermittent renewables to ensure the grid’s
reliability. In essence, the diffusion constraints (Supplementary Equations 24–29)
impose limits to the rate at which technologies can scale up under the assumption
that external factors constrain the speed of deployment, e.g., market forces, com-
petition issues, infrastructure adaptation, learning rates, or social acceptance51,69.
The diffusion constraint, therefore, relates the capacity in period t to the capacity
already installed in the previous period t-1, i.e., capAvailt ≤ capAvailt�1 ð1þ γÞδ where γ is
the maximum annual growth rate (γ 2 ½0; 1�) and δ is the duration of the period. In
RAPID, we assumed an annual growth rate of 20% (γ equals 0.2 and δ equals 5
years) based on the historical diffusion rates of energy-related technologies69.
According to the diffusion constraint, technologies with larger installed capacities
can diffuse faster. The maximum deployment rates of technologies over time and
their initial capacity are shown in Supplementary Fig. 4.

Uncertainty analysis. We carry out an uncertainty analysis to quantify how
uncertainties in the economic and emission parameters affect the outcome of
RAPID. In particular, we perform an a posteriori analysis of these uncertainties to
establish confidence intervals for the costs and CO2 emissions in each solution.
Hence, besides the base case scenario considering nominal values, we define best-
case and worst-case scenarios assuming optimistic and pessimistic values for the
parameters, respectively.

Uncertainties in the inventory data are modeled based on Ecoinvent80. We used
Simapro v9.081 to generate 1,000 samples from the probability functions of the
uncertain emissions via Monte Carlo sampling; from these samples, we defined the
optimistic and pessimistic scenarios, which consider the mean value of the
emissions parameters minus and plus two times the standard deviation,
respectively (Supplementary Table 27). For the cost uncertainty, we defined the
optimistic and pessimistic scenarios considering low and high estimates,
respectively, for the CAPEX and OPEX parameters sourced from the literature
(Supplementary Tables 10 and 11). The uncertainty analysis results for the costs are
provided in Supplementary Tables 43-50, while for the emissions, the results are
depicted in Fig. 1b with a shaded area covering the best- and worst-case scenarios.

We also performed a sensitivity analysis to study the effects of uncertainties
affecting the availabilities of marginal land and biomass residues on the results. We
defined various scenarios with increased and reduced potentials considering
different percentages over the central estimates shown in Supplementary Tables
S37 and S38 for marginal land and biomass residues (i.e., ±50, ±25%, ±10%). The
RAPID model was then solved for the said scenarios to evaluate the impact of these
uncertainties on the outcome of the optimization. The results of the sensitivity
analysis on the biomass potentials are shown in Supplementary Fig. 2.

Data availability
The data supporting the findings of this study are available within the supplementary
information document and supplementary data files.

Code availability
The computer code supporting our analysis is available from the corresponding author
upon request.

Received: 14 April 2021; Accepted: 13 October 2021;

References
1. Lawrence, M. G. et al. Evaluating climate geoengineering proposals in the context

of the Paris Agreement temperature goals. Nat. Commun. 9, 1–19 (2018).

ARTICLE NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-021-26680-3

10 NATURE COMMUNICATIONS |         (2021) 12:6490 | https://doi.org/10.1038/s41467-021-26680-3 | www.nature.com/naturecommunications

www.nature.com/naturecommunications


2. 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 Chang. (Intergovernmental Panel on
Climate Change, 2018).

3. Rogelj, J. et al. Scenarios towards limiting global mean temperature increase
below 1.5 C. Nat. Clim. Chang. 8, 325 (2018).

4. Peters, G. P. et al. Carbon dioxide emissions continue to grow amidst slowly
emerging climate policies. Nat. Clim. Chang. 10, 3–6 (2020).

5. Fuss, S. et al. Negative emissions-Part 2: Costs, potentials and side effects.
Environ. Res. Lett. 13, 63002 (2018).

6. Davis, S. J. et al. Net-zero emissions energy systems. Science 360, 6396 (2018).
7. National Academies of Sciences Engineering and Medicine. Negative emissions

technologies and reliable sequestration: A research agenda. (National
Academies Press, 2019).

8. Minx, J. C. et al. Negative emissions—Part 1: Research landscape and
synthesis. Environ. Res. Lett. 13, 63001 (2018).

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

10. Romanov, V. et al. Mineralization of carbon dioxide: a literature review.
ChemBioEng Rev. 2, 231–256 (2015).

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

12. Hanssen, S. V. et al. The climate change mitigation potential of bioenergy with
carbon capture and storage. Nat. Clim. Chang. 10, 1023–1029 (2020).

13. Mander, S., Anderson, K., Larkin, A., Gough, C. & Vaughan, N. The role of
bio-energy with carbon capture and storage in meeting the climate mitigation
challenge: A whole system perspective. Energy Procedia 114, 6036–6043
(2017).

14. Galik, C. S. A continuing need to revisit BECCS and its potential. Nat. Clim.
Chang. 10, 2–3 (2020).

15. Heck, V., Gerten, D., Lucht, W. & Popp, A. Biomass-based negative emissions
difficult to reconcile with planetary boundaries. Nat. Clim. Chang. 8, 151–155
(2018).

16. Fuhrman, J. et al. Food–energy–water implications of negative emissions
technologies in a +1.5 °C future. Nat. Clim. Chang. 10, 920–927 (2020).

17. Zahasky, C. & Krevor, S. Global geologic carbon storage requirements of
climate change mitigation scenarios. Energy Environ. Sci. 13, 1561–1567
(2020).

18. Fasihi, M., Efimova, O. & Breyer, C. Techno-economic assessment of CO2

direct air capture plants. J. Clean. Prod. 224, 957–980 (2019).
19. Realmonte, G. et al. An inter-model assessment of the role of direct air capture

in deep mitigation pathways. Nat. Commun. 10, 1–12 (2019).
20. Bednar, J., Obersteiner, M. & Wagner, F. On the financial viability of negative

emissions. Nat. Commun. 10, 1783 (2019).
21. Honegger, M. & Reiner, D. The political economy of negative emissions

technologies: consequences for international policy design. Clim. Policy 18,
306–321 (2018).

22. Global CCS Institute. Institute. CO2RE Facilities Database. Available at:
https://co2re.co/FacilityData. (Accessed: 19th September 2020).

23. Lenzi, D. The ethics of negative emissions. Glob. Sustain 1, 1–8 (2018). e7.
24. Fuss, S. et al. Betting on negative emissions. Nat. Clim. Chang. 4, 850 (2014).
25. Anderson, K. & Peters, G. The trouble with negative emissions. Science 354,

182–183 (2016).
26. Morrow, D. R. et al. Principles for Thinking about Carbon Dioxide Removal

in Just Climate Policy. One Earth 3, 150–153 (2020).
27. Geden, O. Policy: Climate advisers must maintain integrity. Nature 521, 27–28

(2015).
28. Kriegler, E., Edenhofer, O., Reuster, L., Luderer, G. & Klein, D. Is atmospheric

carbon dioxide removal a game changer for climate change mitigation? Clim.
Change 118, 45–57 (2013).

29. Lawrence, M. G. & Schäfer, S. Promises and perils of the Paris Agreement.
Science 364, 829–830 (2019).

30. Strefler, J. et al. Between Scylla and Charybdis: delayed mitigation narrows the
passage between large-scale CDR and high costs. Environ. Res. Lett. 13, 44015
(2018).

31. Field, C. B. & Mach, K. J. Rightsizing carbon dioxide removal. Science 356,
706–707 (2017).

32. Mace, M. J., Fyson, C. L., Schaeffer, M. & Hare, W. L. Governing large-scale
carbon dioxide removal: are we ready? Carnegie Climate Geoengineering
Governance Initiative (C2G2), November 2018, New York, US.

33. van Vuuren, D. P., Hof, A. F., van Sluisveld, M. A. E. & Riahi, K. Open
discussion of negative emissions is urgently needed. Nat. Energy 2, 902–904
(2017).

34. The Royal Society & Royal Academy of Engineering. Greenhouse Gas
Removal. (Royal Society, 2018).

35. Smith, P. et al. Biophysical and economic limits to negative CO2 emissions.
Nat. Clim. Chang. 6, 42–50 (2016).

36. Obersteiner, M. et al. How to spend a dwindling greenhouse gas budget. Nat.
Clim. Chang. 8, 7–10 (2018).

37. Pozo, C., Galán-Martín, Á., Reiner, D. M., Mac Dowell, N. & Guillén-
Gosálbez, G. Equity in allocating carbon dioxide removal quotas. Nat. Clim.
Chang. 10, 640–646 (2020).

38. Fyson, C. L., Baur, S., Gidden, M. & Schleussner, C.-F. Fair-share carbon
dioxide removal increases major emitter responsibility. Nat. Clim. Chang. 10,
836–841 (2020).

39. McLaren, D. P., Tyfield, D. P., Willis, R., Szerszynski, B. & Markusson, N. O.
Beyond ‘Net-Zero’: A case for separate targets for emissions reduction and
negative emissions. Front. Clim. 1, 4 (2019).

40. Luderer, G. et al. Economic mitigation challenges: how further delay closes the
door for achieving climate targets. Environ. Res. Lett. 8, 34033 (2013).

41. Sanderson, B. M. & Knutti, R. Delays in US mitigation could rule out Paris
targets. Nat. Clim. Chang. 7, 92–94 (2017).

42. Heuberger, C. F., Staffell, I., Shah, N. & Mac Dowell, N. Impact of myopic
decision-making and disruptive events in power systems planning. Nat.
Energy 3, 634–640 (2018).

43. Luderer, G., Bertram, C., Calvin, K., De Cian, E. & Kriegler, E. Implications of
weak near-term climate policies on long-term mitigation pathways. Clim.
Change 136, 127–140 (2016).

44. von Stechow, C. et al. 2 °C and SDGs: united they stand, divided they fall?
Environ. Res. Lett. 11, 34022 (2016).

45. Gambhir, A. et al. Assessing the feasibility of global long-term mitigation
scenarios. Energies 10, 89 (2017).

46. Jakob, M., Luderer, G., Steckel, J., Tavoni, M. & Monjon, S. Time to act now?
Assessing the costs of delaying climate measures and benefits of early action.
Clim. Change 114, 79–99 (2012).

47. Sanderson, B. M. & O’Neill, B. C. Assessing the costs of historical inaction on
climate change. Sci. Rep. 10, 1–12 (2020).

48. Schaeffer, M. et al. Mid-and long-term climate projections for fragmented and
delayed-action scenarios. Technol. Forecast. Soc. Change 90, 257–268 (2015).

49. Victoria, M., Zhu, K., Brown, T., Andresen, G. B. & Greiner, M. Early
decarbonisation of the European energy system pays off. Nat. Commun. 11,
1–9 (2020).

50. Hansen, J. et al. Young people’s burden: requirement of negative CO2

emissions. Earth Syst. Dyn. 8, 577–616 (2017).
51. 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).

52. Creutzig, F. et al. The mutual dependence of negative emission technologies
and energy systems. Energy Environ. Sci. 12, 1805–1817 (2019).

53. Breyer, C. 34 - A Global Overview of Future Energy. in (ed. Letcher, T. M. B.
T.-F. E. (Third E.) 727–756 (Elsevier, 2020).

54. Solano Rodriguez, B., Drummond, P. & Ekins, P. Decarbonizing the EU
energy system by 2050: an important role for BECCS. Clim. Policy 17,
S93–S110 (2017).

55. Geden, O., Peters, G. P. & Scott, V. Targeting carbon dioxide removal in the
European Union. Clim. policy 19, 487–494 (2019).

56. Geden, O., & Schenuit, F. (2020). Unconventional mitigation: carbon dioxide
removal as a new approach in EU climate policy. (SWP Research Paper, 8/
2020). Berlin: Stiftung Wissenschaft und Politik -SWP- Deutsches Institut für
Internationale Politik und Sicherheit

57. Commission, E. A European Green Deal: striving to be the first climate-
neutral continent. (2019).

58. Commission, E. Proposal for a Regulation of the European Parliament and of
the Council establishing the framework for achieving climate neutrality and
amending. Regulation (EU) 2018/1999 (European Climate Law) COM(2020)
80 final 2020. (2020).

59. Schenuit, F. et al. Carbon Dioxide Removal policy in the making: Assessing
developments in 9 OECD cases. Front. Clim. 3, 7 (2021).

60. Peters, G. P. & Geden, O. Catalysing a political shift from low to negative
carbon. Nat. Clim. Chang. 7, 619 (2017).

61. Vangkilde-Pedersen, T. et al. Assessing European capacity for geological
storage of carbon dioxide–the EU GeoCapacity project. Energy Procedia 1,
2663–2670 (2009).

62. Wei, L. I. et al. Bioenergy Crops for Low Warming Targets Require Half of the
Present Agricultural Fertilizer Use. Environ. Sci. Technol. 55, 10654–10661
(2021).

63. Rogelj, J. et al. Paris Agreement climate proposals need a boost to keep
warming well below 2 °C. Nature 534, 631 (2016).

64. Creutzig, F. et al. Bioenergy and climate change mitigation: an assessment.
GCB Bioenergy 7, 916–944 (2015).

65. Röös, E. et al. Greedy or needy? Land use and climate impacts of food in 2050
under different livestock futures. Glob. Environ. Chang 47, 1–12 (2017).

66. Fajardy, M., Chiquier, S. & Mac Dowell, N. Investigating the BECCS resource
nexus: delivering sustainable negative emissions. Energy Environ. Sci. 11,
3408–3430 (2018).

NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-021-26680-3 ARTICLE

NATURE COMMUNICATIONS |         (2021) 12:6490 | https://doi.org/10.1038/s41467-021-26680-3 | www.nature.com/naturecommunications 11

https://co2re.co/FacilityData
www.nature.com/naturecommunications
www.nature.com/naturecommunications


67. Fajardy, M. & Mac Dowell, N. Recognizing the Value of Collaboration in
Delivering Carbon Dioxide Removal. One Earth 3, 214–225 (2020).

68. Griscom, B. W. et al. Natural climate solutions. Proc. Natl Acad. Sci. 114,
11645–11650 (2017).

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

70. Sagues, W. J., Park, S., Jameel, H. & Sanchez, D. L. Enhanced carbon dioxide
removal from coupled direct air capture–bioenergy systems. Sustain. Energy
Fuels 3, 3135–3146 (2019).

71. IEA (2020). CCUS in Power, IEA, Paris https://www.iea.org/reports/ccus-in-
power

72. Galán-Martín, A. et al. Time for global action: An optimised cooperative
approach towards effective climate change mitigation. Energy Environ. Sci. 11,
572–581 (2018).

73. van Soest, H. L. et al. Net-zero emission targets for major emitting countries
consistent with the Paris Agreement. Nat. Commun. 12, 1–9 (2021).

74. Brooke, A., Kendrick, D., Meeraus, A. & Raman, R. GAMS—A User’sManual.
(GAMS Development Corporation, 1998).

75. ISO 14040. Environmental management — Life Cycle Assessment —
Principles and Framework. (2006).

76. ISO. ISO 14044. Environmental management — Life Cycle Assessment —
Requirements and guidelines. (2006).

77. Meinrenken, C. J. et al. Carbon emissions embodied in product value chains
and the role of Life cycle Assessment in curbing them. Sci. Rep. 10, 1–12
(2020).

78. Steubing, B., Wernet, G., Reinhard, J., Bauer, C. & Moreno-Ruiz, E. The
ecoinvent database version 3 (part I): overview and methodology. Int. J. Life
Cycle Assess. 21, 1269–1281 (2016).

79. Camargo, G. G. T., Ryan, M. R. & Richard, T. L. Energy Use and Greenhouse
Gas Emissions from Crop Production Using the Farm Energy Analysis Tool.
Bioscience 63, 263–273 (2013).

80. Huijbregts, M. A. J. et al. Framework for modelling data uncertainty in life
cycle inventories. Int. J. Life Cycle Assess. 6, 127 (2001).

81. Goedkoop, M., Oele, M., Leijting, J., Ponsioen, T. & Meijer, E. Introduction to
LCA with SimaPro. PRé. (2016).

82. ESRI (2019). ArcGIS Desktop: Release 10.7.1. Redlands, CA (https://
desktop.arcgis.com/en/arcmap).

83. Krzywinski, M. et al. Circos: an information aesthetic for comparative
genomics. Genome Res. 19, 1639–1645 (2009).

Acknowledgements
Á.G-M thanks the Spanish Ministry of Science, Innovation, and Universities for
the financial support through the Beatriz Galindo Program (BG20/00074). J.A.C

acknowledges financial support from the Generalitat Valenciana under project PRO-
METEO 064/2020.

Author contributions
Á.G.-M. conceived the research. D.V., Á.G.-M. and G.G.-G. designed the study. D.V. and
Á.G.-M. developed the model formulation, carried out the analyses, and created the
illustrations. Á.G.-M. and G.G.-G. wrote the paper. Á.G.-M., D.V., S.C., N.M.D., J.A.C.
and G.G.-G. contributed to identifying data, interpreting the results, and revising.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41467-021-26680-3.

Correspondence and requests for materials should be addressed to Gonzalo Guillén-
Gosálbez.

Peer review information Nature Communications thanks Wil Burns and the other,
anonymous, reviewer(s) for their contribution to the peer review of this work. Peer
reviewer reports are available.

Reprints and permission information is available at http://www.nature.com/reprints

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 license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license 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 license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2021

ARTICLE NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-021-26680-3

12 NATURE COMMUNICATIONS |         (2021) 12:6490 | https://doi.org/10.1038/s41467-021-26680-3 | www.nature.com/naturecommunications

https://www.iea.org/reports/ccus-in-power
https://www.iea.org/reports/ccus-in-power
https://desktop.arcgis.com/en/arcmap
https://desktop.arcgis.com/en/arcmap
https://doi.org/10.1038/s41467-021-26680-3
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications

	Delaying carbon dioxide removal in the European Union puts climate targets at risk
	Results
	Consequences of delayed CDR actions: extra-costs and under-exploitation of resources
	Emissions pathways through 2100 for delayed CDR actions
	Regional implications for the energy systems

	Discussion
	Methods
	The RAPID model
	Scenario definition and solution approach
	CO2 emissions balance
	Technology deployment
	Uncertainty analysis

	Data availability
	Code availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




