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SUMMARY

Novel carbon dioxide removal (CDR) technologies need to be ramped up rapidly to ensure the Paris goal can 

still be reached. Under the current geopolitical situation, many now expect the European Union (EU) to main

tain and increase momentum in CDR deployment. While fiscal space is limited, the EU’s emissions trading 

system (ETS) offers a unique opportunity to provide CDR investors with long-term financial certainty. At 

the same time, CDR integration into the EU ETS comes with risks that may prevent the EU from taking this 

step. Using the numerical EU ETS model LIMES-EU, we show that the EU ETS could incentivize 68–86 Mt/ 

year of bioenergy with carbon capture and storage (BECCS) and direct air carbon capture and storage 

(DACCS) combined by 2050. We discuss abatement deterrence in the context of an ETS and propose a 

sequencing approach for integration, which could minimize integrity risk while providing long-term prospects 

for CDR to scale.

CONTEXT & SCALE The upcoming European Union (EU) emissions trading system (ETS) revision is set 

to determine the extent to which novel carbon dioxide removal (CDR) technologies will be integrated 

into the scheme. However, to date, quantitative analyses of (1) CDR volumes that could be incentivized 

by an integration as well as (2) the corresponding effects on EU ETS prices are lacking. Deploying the 

EU ETS model LIMES-EU with recent cost projections for direct air capture technologies, this study in

vestigates how the integration of permanent CDR into the EU ETS could impact both the ramp-up of 

novel CDR technologies and EU ETS price dynamics in the years to come. By mid-century, an integration 

of CDR into the EU ETS could incentivize 68–86 Mt CO2/year of bioenergy with carbon capture and 

storage (BECCS) and direct air carbon capture and storage (DACCS) combined. These volumes are 

sufficiently large to affect allowance prices, substantially moderating price spikes as the EU ETS cap 

tightens. 

However, an integration also raises challenges. Over-reliance on expected future removals could under

mine abatement if cost reductions fail to materialize, and low biomass prices could lead to excessive 

BECCS deployment with environmental impacts. These risks depend on technology learning, governance, 

and policy credibility over time. An integration of CDR into the EU ETS should begin with the target picture 

in mind (policy backward induction) and gradually build on the techno-economic and governance struc

tures in place today (policy sequencing). Since the need for overshoot management will become more 

prevalent over the next decades, CDR integration should be seen as a starting point for transforming 

the ETS into a removals trading scheme in the long run. A reframing of the ETS ‘‘endgame’’ is therefore 

needed, and the system’s long-term potential to incentivize negative emissions at a large scale needs 

to be highlighted. 
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INTRODUCTION

The deployment of novel carbon dioxide removal (CDR) technol

ogies needs to be accelerated quickly to keep any plausible 

pathway in line with the Paris Agreement, both to compensate 

for residual emissions and to manage overshoot.1 Given current 

geopolitical developments, for now, the European Union (EU) re

mains one of the few players with a sufficiently ambitious climate 

policy to credibly ramp up CDR in the years to come. However, 

limited fiscal space suggests that dedicated support programs 

are unlikely to be implemented at the required scale. Yet inte

grating CDR into its compliance carbon market, the EU emis

sions trading system (ETS), might be an alternative.

Whether CDR integration into the EU ETS is indeed a viable 

and promising option depends on two controversial yet unre

solved issues. First, integration bears environmental risks,2,3

including a failure in scaling removals for techno-economic rea

sons4,5 and the crowding-out of emission reduction efforts.6,7

While the latter risk is sometimes referred to as ‘‘mitigation deter

rence’’ in the literature, the IPCC considers CDR itself as a pillar 

of mitigation.8 For preciseness, we therefore choose the term 

‘‘abatement deterrence’’ instead. With negative experiences 

from opening up the EU ETS in the past for Kyoto credits,9–12 pol

icymakers are even more careful in safeguarding integrity. In 

addition, there is a risk that carbon markets incentivize removals 

at a scale that violates planetary boundaries,13 including land 

competition between energy and food systems.14 The second 

issue is whether integration actually provides a long-term pros

pect for CDR to play a role in the EU ETS, which is a prerequisite 

to creating long-term financial certainty for investors. This pros

pect is unclear because the cap in the EU ETS declines at a rate 

that implies that the last allowances will be issued around 2040, 

i.e., the entire system will practically ‘‘end’’ by then,15 while some 

CDR players only expect to reach industrial scale later on. At the 

same time, novel CDR will be needed to achieve net-negative 

emissions in the long run. Integration would only be a long- 

term solution if the EU ETS were reformed in a way that allowed 

CDR to increasingly provide volume and liquidity to the market. 

How this could be done and what this would imply are all but 

clear, though.

With this work, we propose and analyze an approach that can 

resolve the controversies around these two issues. Compared 

with previous research on the topic, which is mainly conceptual, 

we contribute quantitative analysis and implementation consid

erations tailored to the EU context—both in terms of energy sys

tem integration and policy.16–18 For the EU ETS context in partic

ular, the size of effects on both the carbon price and levels of 

CDR deployment is unclear, and by extension, it is hard to 

assess which path is best suited to minimize risks. First, we 

establish a long-term prospect for CDR in the EU ETS, high

lighting the instrument’s ability to provide credible investment in

centives. Second, we employ the numerical EU ETS (and energy 

system) model LIMES-EU to assess how an integration would 

impact CDR deployment and the functioning of the carbon mar

ket. We find that a direct integration of permanent CDR into the 

EU ETS could incentivize both bioenergy with carbon capture 

and storage (BECCS) and direct air carbon capture and storage 

(DACCS) deployment while cutting carbon prices in times of 

allowance scarcity post 2040. However, unconstrained integra

tion comes at a risk for the environmental integrity of the EU’s 

climate policy architecture, most notably from abatement deter

rence and excessive biomass use. Lastly, we discuss ways to 

minimize these risks by developing a sequencing stage-gate 

approach, which aims to resolve the controversy by shaping 

the debate away from whether to integrate and toward how to 

integrate.

RESULTS

From emissions trading to removals trading in the very 

long run

For CDR integration to be a feasible option, the first main ques

tion that needs answering is whether there can be a long-term 

prospect for CDR in the ETS.19 This is important because long- 

term financial certainty and corresponding incentives would 

set the EU ETS apart from voluntary carbon markets and national 

support measures, where frequent changes imply high uncer

tainty about future income streams. In fact, some observers 

have raised doubts about whether trading removals in the EU 

ETS could function economically and have proposed separate 

removals trading (or compliance) systems (RTS) instead.20–22

Two particular concerns related to economic functioning are 

(1) that in the mid-term market prices might be too low to incen

tivize CDR deployment sufficiently early, and (2) that in the long 

term a shrinking ETS is not capable of incentivizing sufficient 

CDR to achieve a net-zero target post-2050 to which the EU 

has already committed itself in its Climate Law. If either of those 

concerns materializes, integration of CDR would likely not lead to 

the required scale up effect.

Yet these concerns neglect core economic features of trading 

CDR in the EU ETS, a system that allows the banking of certifi

cates over time: CDR would essentially enter the market to effi

ciently balance hard-to-abate emissions. This implies that the 

market equilibrium price would be at the level where marginal 

abatement cost equals marginal removal cost. In anticipation 

of rising abatement costs, firms already have an incentive to 

invest in CDR technologies now if they expect future costs to 

be lower than costs for decarbonizing hard-to-abate emissions. 

In the very long term, the carbon market could be transformed 

from an ETS into an RTS for managing overshoot by switching 

the role of buyers and sellers in the market: governments would 

start to buy allowances from private suppliers, who receive a 

removal allowance for each unit (ton) of CDR supplied. This could 

also be combined with a borrowing of future removals.23 The 

corresponding phases are depicted in the ‘‘tilted hourglass’’ in 

Figure 1, in which the EU ETS is given an ‘‘afterlife’’ as an RTS 

instead of closing the market after its endgame in the 2040s.

Importantly, it must not necessarily be governments who buy 

removal allowances in phase 3. Alternatively, removal obliga

tions or liabilities could be put, for example, on regulated emitting 

companies,23–25 fossil fuel producers, or fossil fuel importers. 

However, once the EU has reached net-zero, such an obligation 

would be hard to impose since only a few companies might be 

left as residual emitters, and the production or import of fossil 

fuels is very limited. While the question of who has to buy or 

pay for removal allowances is of distributional relevance, it 
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should be separated from the general market mechanism and 

functioning (selling and buying of removal allowances).

Having endorsed the tilted hourglass as a target picture, the 

next question is to what extent an integration into the EU ETS 

would actually scale up CDR (volume and technologies). We 

address this question in the following section, focusing on phase 

2 (net-zero target) as the current legislation in place. In that re

gard, it is important to note that the volume may increase consid

erably contingent on a future merger of the existing EU ETS and 

the new ETS for buildings, transport, and smaller industries (ETS 

II) to be commenced in 2027.

Carbon market integration can incentivize substantial 

deployment of permanent CDR

On the surface, current carbon price levels (in the range of 50– 

100 EUR/ton CO2 during 2022–2024) appear to be too low to 

incentivize the deployment of costly technologies like BECCS 

and DACCS. However, two important dynamic effects need to 

be considered. First, removal costs will decrease with increased 

deployment in the future, due to technological learning and 

economies of scale. This can be expected for DACCS in 

particular, notwithstanding that uncertainty remains on how 

cost curves are going to develop.26 In fact, recent news from 

a leading developer suggests that learning and cost reduction 

might be slower than expected,27 implying a more important 

role for BECCS, at least in the near future. Second, upon inte

gration, CDR firms will invest according to the anticipated car

bon price increase over time. In that sense, it is primarily the ex

pectations on future CDR costs and carbon prices—rather than 

current costs and prices—that determine the ETS’s ability to 

scale up CDR.

In order to (1) assess the extent to which a CDR integration into 

the EU ETS could incentivize removals and to subsequently (2) 

quantify how pertinent risks of such an integration would be, we 

use the numerical EU ETS model LIMES-EU. We utilize DACCS 

cost estimates by Sievert et al.,26 who have developed cost pro

jections as a function of deployment by analyzing multi-compo

nent experience curves of pioneering DAC plants. We then ac

count for transport and storage costs and apply projected 

technology shares to global deployment scenarios28 to derive 

two additional DACCS cost scenarios over time. For BECCS, 

biomass prices are taken from the integrated assessment model 

(IAM) REMIND,29 which reflects price formation driven by demand 

from various sectors. We report the levelized cost of removals for 

BECCS and DACCS investment in LIMES-EU in Figure S2.

Modeling results suggest that EU ETS integration could lead to 

substantial deployment of BECCS and DACCS, though actual 

removal volumes depend on the cost-effectiveness of CDR 

vis-à-vis abatement (Figure 2). In the default scenario, overall 

permanent CDR deployment under the EU ETS stabilizes at 

around 60 Mt CO2 per year from 2050 onward. This is the amount 

required to compensate for residual emissions from industry, 

which are more costly to abate than to remove. Depending on 

the relative cost between abatement and removals, we find 

that the EU ETS can incentivize between 21% and 75% of the 

required BECCS and DACCS volumes for 2050 as estimated 

by the European Scientific Advisory Board on Climate Change.30

Subsequently, an integration can pave the way for achieving full 

scalability later on as the EU ETS is transformed into an RTS with 

negative emissions targets.

In addition, integrating permanent CDR into the EU ETS effec

tively moderates long-term carbon prices in the model. Compared 

Figure 1. Illustration of transition from ETS to RTS 

In the very long run, the ETS can be transformed into an RTS to predictably scale up demand for removals via governmental CDR targets. This approach, which 

takes the shape of a tilted hourglass, provides investors with long-term certainty. While the government is responsible for the supply side of emission allowances 

during phase 1, it determines demand for removal units during phase 3.
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with a counterfactual without CDR in the market, a direct BECCS 

and DACCS integration roughly halves EU ETS prices post-2050 

(Figure 3). Due to allowance banking, moderate carbon price ef

fects are also observed in the near- to mid-term already. These ef

fects are mainly driven by expected DACCS costs since, in the 

long run, biomass is too costly to compete with industry abate

ment in our default scenario. In that sense, DACCS serves as a 

pressure valve to the system. This is highlighted by Figures 2A 

and 2C, where deployment volumes in the EU ETS change ac

cording to changes in relative cost between BECCS, DACCS, 

and industrial abatement measures.

Cost/price and environmental risks must be accounted 

for when designing the integration

An important concern related to CDR integration into the EU ETS 

is that firms expect low (future) CDR costs and hence invest less 

in abatement measures today. If expectations turn out to be 

overly optimistic, too little abatement investment has occurred 

in hindsight during the early integration phase. As a conse

quence, there will be less CDR in the market than expected, 

and a risk of high carbon prices may materialize. The longer it 

takes for firms to align their expectations with the true cost of re

movals, the more serious an EU ETS supply shortage may 

become. This risk is illustrated by Figure 4A, where an update 

of DACCS cost expectations in 2040 not only leads to a spike 

in carbon prices but also to a sharp increase in biomass demand 

to compensate for residual emissions.

A second prominent concern is the risk of excessive biomass 

use to generate removals.31 Given the high value of biogenic car

bon relative to the cost of biomass,32 this can lead to sustainabil

ity challenges. This risk is increased by a lack of Pigouvian pric

ing of environmental externalities (notably carbon) in the land use 

and forestry sectors. In consequence, this leads to an over-reli

ance on BECCS as it becomes more profitable to generate an EU 

ETS allowance from biomass. The risk of excessive biomass use 

is illustrated by Figure 4B. If biomass costs turn out to be 30% 

lower than in our default scenario as estimated from REMIND, 

DACCS is pushed out of the EU ETS and fully replaced by 

BECCS in our model. In addition, the ramp-up of CDR is shifted 

forward in time, with an addition of almost 40 Mt of annual re

movals in the 2040s compared with the default scenario. The 

long-run equilibrium volume of CDR in the EU ETS remains sta

ble in this case.

Both of these risks could become exacerbated when they are 

instrumentalized by actors with vested interests. To a certain de

gree, this could already be observed during the EU 2040 climate 

target negotiations: while the majority of stakeholders in the pub

lic consultation spoke out in favor of a separate CDR target to 

safeguard the policy architecture, the European Commission 

ended up recommending a single net 2040 target instead—argu

ably to simplify regulation, but also more in line with positions ex

pressed by incumbent fossil and hard-to-abate industries.33

Such strategic interventions could give rise to abatement deter

rence risk, which we discuss in the following.

Abatement deterrence in the EU ETS context

Abatement deterrence has been widely recognized as a risk of 

CDR7,8 and broadly entails three mechanisms: (1) substitution 

and failure, which refers to a situation in which expected CDR 

volumes directly substitute emissions reductions but are then 

not delivered later on; (2) unintended rebound effects; and (3) 

mitigation foregone, meaning expectations on CDR lead to a 

reduction in abatement efforts that goes beyond a direct substi

tution as entailed in the first mechanism.6 Since within-ETS 

abatement deterrence by definition requires a direct substitution 

of an emissions allowance with a removal certificate, substitution 

and failure is the only applicable mechanism. Abatement deter

rence effects outside the ETS, on the other hand, could generally 

A B C

Figure 2. CDR deployment for phase 2 (net-zero) in the EU ETS and respective allowance prices for 2030 to 2060 

The center panel shows our default scenario, and the left (right) represents more (less) global DACCS deployment and, therefore, lower (higher) DACCS cost. In 

scenarios with low to moderate DACCS cost (A and B), the CDR integration incentivizes the ramp-up of BECCS deployment first, which is then crowded out by 

DACCS from the late 2040s onward. When DACCS costs are high (C), residual emissions remain stable but are almost fully compensated by BECCS. The EUA 

price is sensitive to higher DACCS costs (C) but robust when DACCS costs are lower than in the default scenario. Gross residual emissions increase substantially 

when DACCS costs are low.
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occur as rebounds or mitigation foregone. We therefore discuss 

within- and outside-ETS abatement deterrence separately.

Starting with the within-system effects, in principle and under 

basic premises, the ETS’s cap on emissions generally rules out 

abatement deterrence even in the case of substitution and fail

ure. This is for two reasons: first, our results imply that actual 

substitution will likely be limited because the vast majority of in

dustrial abatement measures remain more cost-effective than 

procuring high-quality and permanent CDR. Second, even if 

CDR substitution occurs ex-ante and then fails, as long as the 

emissions budget in the form of the cap is retained, the ETS’s 

waterbed effect—in this case, through increased allowance 

scarcity and hence higher carbon prices—would result in more 

emissions reductions elsewhere in the system such that the 

overall emissions target will still be met. The only remaining fac

tor that could then, under basic premises, lead to an increase in 

cumulative net emissions compared with no integration is the EU 

ETS’s Market Stability Reserve (MSR). We find, however, that 

virtually all MSR invalidations occur before CDR enters the 

compliance market. As a result, we only expect a negligible 

impact of MSR activity on the emissions outcome with CDR inte

gration (see Note S3 and Figure S3 for further discussion).

Nevertheless, beyond those basic premises, abatement 

deterrence could still occur within the EU ETS despite the fact 

that emissions are capped. This is because the cap might be 

softened when allowance prices surpass politically acceptable 

levels.34 If firms expect low CDR costs now but those cost reduc

tions will not materialize in the future, the price will rise more 

strongly (Figure 4A), making a softening intervention more likely. 

The risk of CDR-cost shocks is even higher when credible infor

mation about future CDR costs remains private and is used stra

tegically. As it stands, there is little public knowledge about the 

long-term costs of CDR, and firms may have an interest in delib

erately abating less or communicating biased estimates to 

attract investors and subsidies. In a cap-and-trade context, sub

stitution and failure, hence, become a problem if two failure com

ponents occur jointly, namely a strategic exploitation of informa

tion asymmetries (market failure) and a materialization of the 

regulator’s commitment problem (policy failure) in the sense 

that policymakers change the emissions budget upward. Since 

such an intervention would have ramifications for the wider pol

icy architecture, it would not only put the ETS’s ability to scale up 

CDR at risk but could also imply indirect abatement deterrence 

through mitigation foregone outside of the ETS’s scope.

Moving on to effects outside the ETS, we identify rebounds 

in land use sectors as the central abatement deterrence mech

anism to account for. The integration of BECCS (or removal 

through biochar, which we do not model) into the ETS would 

create incentives to use biomass at scale for ETS compliance. 

In addition, biomass-based CDR methods are likely going to be 

strategically instrumentalized as well.35 Biomass is subject to 

several conflicting interests, implying that the process of 

setting standards and certification is prone to regulatory cap

ture. Under high carbon prices specifically, strategic lobbying 

could lead to a situation in which sustainability criteria are 

weakened and biomass becomes more widely available at 

low cost (Figure 4B). In consequence, more biomass would 

be used than what would be socially efficient, and correspond

ing sinks, such as peatland and long-standing forests, would be 

depleted.6 For the remaining abatement deterrence channels 

outside of the ETS, both rebounds and mitigation foregone, 

the degree to which such mechanisms pose a risk depends 

on whether or not the affected rebounding or foregoing activity 

will be covered by a cap-and-trade system going forward. As 

soon as the EU ETS II comes into effect, roughly 75% of EU 

emissions will be subject to quantity-controlled carbon pricing 

in the long run.36 In line with the arguments already made, the 

EU ETS extension will hence shift many of those instances 

we would consider as rebounds or mitigation foregone today 

into the within-ETS category above. The risk of indirect abate

ment deterrence will then remain highest for those sectors 

that will remain outside of the EU ETS’s scope, mostly 

A B C

Figure 3. ETS emissions by sector and resulting carbon prices with (i.e., the default scenario) and without CDR integration from 2020 to 2060 

(A) EU ETS sector emissions without CDR integration. 

(B) EU ETS sector emissions with direct integration of BECCS and DACCS. 

(C) EU ETS prices with and without CDR integration. 

(A) and the dashed line in (C) represent the counterfactual scenario without CDR integration. (B) and the solid line in (C) show results with first-best CDR integration 

from 2030 onward. BECCS is visualized as part of the electricity sector, and banking of EU ETS certificates is permitted only until 2045.
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agriculture, LULUCF (as discussed), and international aviation 

and maritime.

In light of these risks, critics have argued to ‘‘firewall’’ the EU 

ETS from CDR integration.20,37 However, this not only omits 

the potentials of an integration as outlined above, but also ne

glects that both identified risks can be increasingly mitigated 

over time as technology and policy learning progress. In the 

following, we map out a sequential stage-gate approach to put 

such CDR integration into action, aiming to inform EU policy

makers on upcoming integration decisions. As a matter of fact, 

the decision whether to integrate CDR into the EU ETS is immi

nent. Article 5a of the EU ETS Directive requires the European 

Commission to report on ‘‘how negative emissions […] could 

be covered by emissions trading, if appropriate’’ by 2026, partic

ularly highlighting ‘‘safeguards to ensure that such removals do 

not offset necessary emissions reduction.’’38

Sequencing enables a long-term prospect for CDR while 

safeguarding environmental integrity

The approach we propose follows a simple logic: policy 

sequencing. Here, sequencing comes down to integrating CDR 

into the EU ETS in successive phases, in which safeguards are 

put in place first but lifted more and more as new risk-reducing 

technology and policy arrive.39,40 Building on three governance 

stages previously developed,41 we propose a stage-gate model 

as outlined in Figure 5 for integrating CDR into the EU ETS.

Managing integration risk implies that the sequencing path 

starts with a first preparatory phase with no integration. In the 

EU, the first steps of this stage have already been completed. 

The Carbon Removal and Carbon Farming (CRCF) Regulation 

offers a starting point for the certification of removal units.17 In 

2023, more than 200 Mt of biogenic CO2 emissions were already 

covered by the EU ETS.42 Stage 1 is used to improve rules on the 

certification of CDR units, and sustainability criteria and ac

counting guidance for CDR are further developed.41 During this 

phase, the government can implement demand-side policies 

to incentivize initial CDR capacities. Gate A to stage 2 unlocks 

when the monitoring, reporting, and verification (MRV) architec

ture is in place, when questions on certification and sustainability 

of removals have been addressed, and when the MSR has been 

reformed to account for the integration of removal units into the 

system.

Upon reaching the second stage, removal units are gradually 

integrated into the ETS. Gradual here has three dimensions: (1) 

scope, (2) volumes, and (3) time. Gradual integration in scope 

refers to starting with existing plants, then extending to new do

mestic plants, and finally to international removal units (i.e., 

from outside the EU). Gradual integration in volumes means 

setting limits on the inflow of CDR credits into the ETS. Gradual 

integration in time refers to considering employing intertempo

ral flexibility by allowing borrowing from removals that are only 

delivered later on. Since such an intertemporal mechanism 

would institutionalize the expectation of future CDR substitut

ing for present emissions (and hence be subject to consider

able abatement deterrence risk), additional measures—such 

as collateral to address risks of bankruptcy or reversal—would 

be required.23 In addition, stage 2 is used to strengthen the 

governance regime against reversal risk, i.e., against incidents 

where CO2 is unintentionally re-released into the atmosphere.41

As soon as excessive biomass use and reversal risks are 

sufficiently contained, the architecture is ready to be developed 

toward stage 3.

Stage 3 will be used to complete a full integration. From this 

point on, control mechanisms for a gradual integration are 

no longer needed. As a consequence, domestic DACCS and 

BECCS installations could be fully brought into the system as ac

tivities under the scope of the ETS. When their full integration has 

proven successful, the option of admitting other CDR methods 

should be assessed to achieve full supply-side efficiency. If liabil

ity risks for those removals have been sufficiently contained 

A B

Figure 4. CDR-cost shock and excessive biomass use pose cost/price and environmental risks of an integration 

Illustration of a CDR-cost shock and excessive biomass use through changes in removal deployment and carbon prices relative to the default scenario when 

DACCS learning effects do not materialize as expected or when biomass costs are lower. 

(A) Changes in annual removals assuming expected DACCS cost reductions do not materialize. Using a rolling-horizon version of LIMES-EU, we illustrate this 

effect with a sudden upward adjustment of DACCS cost by 2040. 

(B) Changes in annual removals resulting from excessive biomass use (due to a 30% reduction in biomass costs).
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during stage 2, a stepwise integration of temporary removal units 

could then bridge the gap until the long-term target picture fully 

materializes. The architecture is then ready to be developed to

ward implementing a net-negative emissions strategy.

DISCUSSION

Sequencing can create a long-term financing perspective for 

CDR in the EU while safeguarding against integration risk. To suc

cessfully put it into action, three design choices for a gradual inte

gration are central and require more discussion and research.

First, more clarity is needed as to whether price or volume 

limits should be used in stage 2. Volume limits seem preferable 

because they are administratively easier to implement. However, 

if the supply of cost-competitive, high-integrity CDR turns out 

higher than the set limit, inefficiencies arise. Further research is 

therefore required on how to design flexible volume limits that 

can adapt to CDR ramp-up while addressing efficiency con

cerns. Carbon market linking—where similar questions arise— 

can serve as a starting point.43

The second design choice concerns market access, i.e., the 

extent to which limited integration should be specific with 

respect to CDR methods and technologies. This choice comes 

with distributional implications since, with a limited integration 

in particular, rights to sell into the EU ETS would have to be 

allocated between suppliers/technologies. There is a case for 

specific quotas as long as the LULUCF sector lacks efficient car

bon pricing to contain the risk of excessive biomass use.44 In 

A

B

Figure 5. Stage-gate approach with three governance stages of integrating removals into the EU ETS 

Building on Burke and Schenuit,41 the approach starts with separated systems but ends in full integration. Before a subsequent stage is entered, certain 

conditions—serving as safeguarding gates as described in (B)—have to be fulfilled. From stage 2 onward, removal certificates are admitted to the system, albeit 

in a restricted way at first (indicated by the initially more narrow inflows of removal supply). Integration starts with existing BECCS plants but opens up gradually 

until the first-best vision materializes upon integration of international and temporary removals. Borrowing from future removals provides intertemporal flexibility. 

This could be realized through clean-up certificates, which come with a clean-up obligation for the overshoot emitted.23
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addition, technology-specific quotas can target the deployment 

of yet immature (and costly) CDR technologies to promote 

learning and cost reductions for a variety of technologies. CDR 

quotas could also be used to address regional distributional is

sues, for instance, to ensure that not all BECCS originates 

from Northern Europe, the current leader in this field.45 Setting 

quotas at an efficient level is challenging, though, and requires 

further research.

Third, international permanent CDR certificates could bear 

potential for both cost-effectiveness and international coopera

tion. Agreements on a 5% contribution of international carbon 

credits toward the EU’s 2040 target in both the European Coun

cil and the European Parliament have opened the door for this 

discussion, but it is clear that further work is required to safe

guard environmental integrity.46 In principle, the EU could take 

a similar approach for international as for domestic permanent 

CDR. This would offer the opportunity to scale up international 

CDR markets beyond domestic targets and foster cooperation. 

However, resulting questions about how EU (ETS) MRV stan

dards can safely be applied to international CDR as well as 

about how emissions accounting should address internationally 

traded certificates remain. In this context, we expect institu

tional considerations, such as around a European Carbon 

Central Bank,47–49 to gain further traction in the debate. Both 

economic and institutional issues therefore warrant more 

scientific attention and discussion.

METHODS

Scenario implementation in LIMES-EU

LIMES-EU is a linear EU ETS model that optimizes investment 

and operational decisions for generation, storage, and transmis

sion technologies in the power sector, as well as CDR and emis

sion reduction options in energy-intensive industries, aviation, 

and maritime. In combination with its detailed representation of 

emissions allowances supply (in accordance with the EU ETS 

cap) and banking, the model is able to report carbon prices 

endogenously, making it one of the leading EU ETS models to 

date. The model has been widely used in academic policy anal

ysis concerning the EU ETS.15,34,50 It includes all EU countries 

(except Cyprus and Malta), five Balkan countries aggregated in 

one region, Norway, Switzerland, and the United Kingdom. Us

ing a 5-year step intertemporal optimization from 2010 to 2070 

in the configuration with a single time horizon, LIMES-EU allows 

analysis of cost-efficient future scenarios for the ETS I. For in

vestment decisions, the model operates under the assumptions 

of perfect foresight and applies a discount rate of 5%. In this 

work, a second configuration with two subsequent time hori

zons50 was used to illustrate the update in DACCS cost expec

tations. Key functions and features of LIMES-EU include a 

detailed representation of the power sector, while other sectors 

covered by the EU ETS, such as the energy-intensive industry, 

aviation, and maritime sectors, are represented by marginal 

abatement cost curves. LIMES depicts the emissions for all EU 

ETS sectors and is calibrated to historical EU ETS emissions, 

including the demand and supply of emission allowances 

(cap). It also considers the banking of emission certificates be

tween periods.

Regarding policy and market design, we implement the EU 

ETS 2023 reform, setting the main system parameter up until 

2030 and extrapolating most of these elements. The stationary 

cap reaches zero by 2039. The aviation cap, although substan

tially smaller than the stationary one, will reach zero in 2044. 

Given the time granularity in the model, EU allowance (EUA) 

trading is allowed until 2045 (which represents the period from 

2043 to 2047). This also implies that the MSR remains opera

tional until this year. We calibrate the model to historical data 

up to the year 2020. The 2030 emissions reduction target is a 

62% emission reduction w.r.t. 2005. This is operationalized 

through a linear reduction factor (LRF) of 4.3% in 2024–27 and 

4.4% as of 2028, and an additional one-off supply reduction (re

basing) of 90 million EUAs in 2024 and 27 million EUAs in 2026. 

The MSR adjusts the volume of annual auctions downward (up

ward) if the total number of allowances in circulation (TNAC) in 

the previous year was above (below) a given intake (outtake) 

threshold. The main rules that determine its core functioning 

remain unchanged by the 2023 reform. The main parameters 

are (1) the intake rate (24% prolonged until 2030 and 12% after

ward), (2) the thresholds (a lower threshold of 400 million EUA, an 

upper TNAC threshold of 833 million EUA, and a buffer threshold 

of 1,096 million EUA), (3) outtake volume (100 million EUA), and 

(4) invalidation threshold (EUA in the MSR over 400 million 

EUA). The intake volume is equal to the intake rate times TNAC 

if TNAC exceeds the buffer threshold, else to TNAC minus the 

upper threshold if TNAC is between the upper and buffer thresh

olds. We also represent the UK ETS, for which a cap is defined 

until 2030 and extrapolated afterward. We do not represent sec

toral expansions or links between the EU ETS and UK ETS or to 

other markets. For a comprehensive description of the model, 

we refer the reader to the LIMES-EU documentation.51

Integrating permanent removal technologies in LIMES- 

EU

We assess an unconstrained integration of BECCS and DACCS in 

the EU ETS in a first-best setting, i.e., by fully merging carbon and 

permanent removal compliance markets in LIMES-EU. More spe

cifically, we deploy the model under the assumption that emis

sions and permanent removal certificates are fully fungible, hence 

allowing equivalence between marginal abatement and marginal 

permanent removal cost (see Note S1 and Figure S1 for further 

discussion). In other words, the permanent CDR technologies de

ployed in the model generate removal units within the EU ETS 

directly, and for every ton of CO2 removed, an EUA is generated.

Carbon prices are calculated endogenously in LIMES-EU. 

Without CDR in the model, the carbon price ceiling is determined 

by the marginal abatement cost of EU ETS installations. With the 

integration of removals, however, a potential new price ceiling 

comes into play: as soon as removal certificates become avail

able at a lower price than both emission allowances and techno

logical abatement options, the removal option will be drawn. 

Bringing the new cost data for CDR into LIMES-EU, hence, al

lows us to assess whether we can expect a carbon price curb 

due to CDR-cost reductions at all and, if so, whether it will 

come into effect in time to affect the EU ETS endgame. At the 

same time, the analysis allows us to determine the extent of 

the EU ETS’s role in promoting BECCS and DACCS deployment.
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From the representative year of 2030 (i.e., between 2028 and 

2032) onward, the model can endogenously deploy BECCS instal

lations in the electricity sector. As a consequence, BECCS invest

ment is driven by two revenue streams: electricity dispatch and the 

EUA price from the removals generated. Techno-economic as

sumptions for BECCS installations are adopted from the EU Com

mission’s Reference Scenario 2020.52 In this paper, we consider 

maximum biomass potentials based on the ENSPRESO data

base53 and the 2040 climate targets Impact Assessment,54 which 

are scaled based on the historic use of biomass in the 

power sector.55 An emission factor of − 550 kgCO2/MWhelec for 

BECCS is assumed, and exogenous biomass price assumptions 

are taken from the IAM REMIND.29 These exogenous assump

tions are necessary since LIMES-EU only covers EU ETS I sectors, 

whereas both biomass supply and demand are mainly driven by 

sectors outside of that scope. REMIND reflects price formation 

driven by demand from multiple sectors (particularly energy, in

dustry, and transport, such as global aviation/shipping), as well 

as biomass supply.

We extend LIMES-EU with novel techno-economic data for 

the three most mature DAC technologies combined with CO2 

transport and storage, namely liquid solvent, solid sorbent, and 

CaO ambient weathering DACCS.57 Unlike BECCS, DACCS is 

only a CDR technology, meaning its investments are solely trig

gered by EUA prices. The net removal costs of DACCS are based 

on Sievert et al.,26 who conducted a bottom-up calculation of 

these costs for pioneering DAC plants, including CO2 transport 

and storage26 project costs, using multi-component experience 

curves, taking into account the technological characteristics of 

individual components within these DACCS plants. By applying 

projected technology shares to global deployment scenarios 

from Grant et al.,28 we derive cost pathways over time for each 

technology. DACCS CAPEX and fixed O&M consequently 

decrease by 41%–58% and variable O&M by 18% between 

2030 and 2050. These pathways are subsequently incorporated 

into LIMES-EU to assess the influence of carbon pricing on 

DACCS deployment within the EU ETS.

Due to the early-stage nature of permanent removal technol

ogies, future cost estimations are subject to considerable 

uncertainty. This uncertainty can lead to additional risks for gov

erning the sequencing path of CDR into the existing architec

ture. This is particularly the case for DACCS, for which a lot of 

uncertainty around future global deployment—and with it 

around cost reductions from technological learning—remains. 

Indeed, projections for DACCS deployment show considerable 

variability, with estimates ranging from 0 to 0.02 GtCO2/year in 

2030 to 0.52–1.74 GtCO2/year in 2050, according to a review 

study.1 Assuming that cost reductions will indeed be driven by 

global deployment, we reflect the technology uncertainty in 

DACCS cost by incorporating three different deployment sce

narios. For short-term DACCS deployment between 2020 and 

2025, we base our projections on company-specific announce

ments for each technology. Post-2025, these technology 

shares are extended to 2050 across the three scenarios. For 

2050, we leverage data from IAMs, specifically a review by 

Grant et al.28 To derive three scenarios with low, medium 

(base), and high global DACCS deployment, respectively, we 

use the 5th, 50th, and 95th percentiles of anticipated deployment 

in 2050 under a 1.5◦C scenario. For the intermediate period of 

2025 to 2050, we calculate the compound annual growth rate 

(CAGR) needed to align the 2025 projections, based on com

pany announcements, with the 2050 expectations from the 

IAMs. This CAGR is then employed to ascertain annual deploy

ment figures, considering each technology’s proportional share 

in 2025. For each deployment scenario, we then calculate 

DACCS costs using the approach by Sievert et al.26 According 

to our calculations, if global DACCS deployment is high, CAPEX 

and fixed O&M are 24%–37% lower, and variable O&M is 10% 

lower by 2050 than in our default scenario. If global DACCS 

deployment is low, CAPEX and fixed O&M are 50%–100% 

higher, and variable O&M is 17% higher by 2050 than in our 

default scenario.
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