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Introduction: To achieve net-zero targets, it is essential to evaluate and model 
the costs and scalability of emerging carbon dioxide removal technologies like 
direct air capture with CO2 storage (DACCS) and bioenergy with carbon capture 
and storage (BECCS). Yet such efforts are often impeded by varying assessments 
of the climate impact and potential contributions of these technologies. This 
study explores the future costs and scalability of DACCS and BECCS to advance 
net-zero goals.

Methods: We analyze expert opinions on these technologies’ potential costs 
and deployment scales for 2030, 2040, and 2050. Data was collected from 
34 experts, comprising 21 DACCS and 13 BECCS specialists. They provided 
90% confidence interval estimates and ‘best estimates’ for future costs and 
deployment under two International Energy Agency (IEA) policy scenarios—
Stated Policies (STEPS) and Net Zero Emissions by 2050 (NZE).

Results: We find that BECCS costs start at a lower level but decrease more slowly, 
whereas DACCS costs decline more steeply from a higher initial cost. However, 
DACCS estimates varied significantly among experts, showing no convergence 
over time. Regarding potential scalability, both technologies are associated with 
substantially higher deployment under the NZE scenario. Yet the combined 
estimated capacity of DACCS and BECCS by 2050 is only about a quarter of the 
CO2 removals projected by the IEA for its NZE scenario (1.9 GtCO2).

Discussion: This study provides valuable insights into the future of DACCS and 
BECCS technologies in Europe, especially since our experts expect that DACCS 
and BECCS costs will be even higher (and deployment scales lower) than those 
predicted by recent IEA tracking, opening future research directions.

KEYWORDS

learning curves, direct air capture, BECCS, negative emissions, model uncertainties, 
expert elicitations

1 Introduction

The ultimate goal of the United Nations Framework Convention on Climate Change 
(UNFCCC) is to stabilize greenhouse gas concentrations in the atmosphere at safe levels to 
prevent hazardous anthropogenic interference with the climate system. This objective, as defined 
in the 2015 Paris Agreement, requires keeping the global temperature rise well below 2°C above 
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pre-industrial levels, with efforts to limit the increase to 1.5°C. With 
global temperatures already 1.1°C higher than pre-industrial levels 
(IPCC, 2023), rapidly achieving carbon neutrality is imperative for a 
Paris-compliant trajectory. The Paris Agreement (Article 4.1) emphasizes 
balancing anthropogenic emissions with greenhouse gas removals in the 
latter half of this century. In pursuit of this balance, several countries 
including major economies such as the United Kingdom, France, the EU, 
Japan, South Korea, and the United States under President Biden, have 
set legally binding net-zero targets for 2050. Notably, major emerging 
economies such as China, Indonesia, and Saudi Arabia (targeting 2060), 
and India (targeting 2070) have also established carbon neutrality goals. 
Attaining these commitments solely through emission reductions is 
challenging. The energy sector, which faces rising marginal abatement 
costs and limited technical solutions in hard-to-abate sectors, exemplifies 
these difficulties (Davis et al., 2018). Consequently, achieving net-zero 
will require decarbonizing all viable sectors and utilizing Carbon Dioxide 
Removal (CDR) technologies to offset emissions from sectors that are 
difficult to decarbonize (Honegger and Reiner, 2018).

Reaching net zero requires political and economic decisions based 
on projections of technology deployment, which entails understanding 
the pace of cost reductions for different technologies, often referred to 
as ‘learning curves’, and assessing the potential scalability of these 
technologies under different policy scenarios. The modelling groups 
that contributed to the IPCC assessment report developed different 
socioeconomic development pathways for future CO2 levels that are 
compatible with the Paris Agreement. These mitigation pathways 
include the generation of green electricity and e-fuels, replacing 
primary chemicals with new fossil-free alternatives, reducing total 
energy demand, improving energy efficiency, and removing residual 
emissions from hard-to-abate industries such as steel and cement.

CDR is a crucial element in most Paris Agreement-aligned 
scenarios. Conventional CDR, or ‘nature-based’ solutions, involve 
land-based carbon storage methods such as afforestation, reforestation, 
soil carbon sequestration, and biochar (Smith et al., 2023). In contrast, 
novel ‘engineered removals’ store carbon in oceans, geological 
formations, or products, including technologies like enhanced 
weathering and ocean alkalinization. Our study specifically examines 
Direct Air Capture with CO2 Storage (DACCS) and Bioenergy with 
Carbon Capture and Storage (BECCS), which chemically separate 
CO2 for potential long-term storage.

The IPCC (2018) Special Report on 1.5°C indicated that only one 
scenario (P1), which assumed a significantly downsized energy system, 
could meet the 1.5°C target without substantial reliance on 
CDR. However, the Sixth Assessment Report (AR6), which the IPCC 
published in 2022 (IPCC, 2022), suggests a more comprehensive use of 
afforestation, reforestation, BECCS, and, to a lesser extent, DACCS, to 
achieve the 2°C target. These scenarios reflect substantial uncertainties 
regarding the deployment scales of these technologies, which are 
influenced by social acceptability, institutional capacity, and deployment 
costs. AR6’s Chapter Five further discusses how the scalability of 
emissions reduction and CDR are influenced by perceived and objective 
equity outcomes, trust in policymaking, socio-cultural preferences, and 
institutional governance capacity. Indeed, the (expanding) track-record 
of operational facilities shows that societal involvement in policymaking, 
building public trust and the existence of project outcomes that meet 
societal needs are often critical for successful deployment of these 
technologies (AR6; Clulow and Reiner, 2022; Erans et al., 2022).

While most models overlook these uncertainties, those that 
address them suggest significant implications for scalability. 

Accounting for cost uncertainty, for example, indicates a need for 
greater decarbonization in the 2020s to reduce long-term reliance on 
uncertain future CDR capabilities. According to one estimate, models 
that account for uncertainty predict a three-fold increase in renewable 
energy deployment by the 2030s compared to scenarios that do not 
consider uncertainty (Grant et al., 2021). From a policy standpoint, 
better modeling of these uncertainties could reduce reliance on CDR 
and pave the way for more ambitious emissions reduction 
commitments in the near-term. For policymakers to anticipate 
potential deployment trajectories and design effective support 
mechanisms, there is a need for reliable economic models that project 
cost and upscaling pathways for DACCS and BECCS. These models 
require two types of inputs; the uncertainty surrounding relevant 
parameters and expected best estimates for cost trajectories and the 
scale of deployment. Current cost data for these technologies is limited, 
mainly developed by private companies and not publicly available.

Our study investigates the future costs and deployment scale 
uncertainties of DACCS and BECCS technologies in Europe in 2030, 
2040, and 2050. We also examine how future policies might influence 
these uncertainty levels. To gather experts’ insights, we conducted 34 
expert elicitations by interviewing 21 DACCS experts and 13 BECCS 
experts. Initially, experts were asked to provide their 90% confidence 
intervals for future costs, breaking down various cost items like Capex 
and Opex where possible, and then to give their ‘best estimates’. These 
assessments contribute empirical data to the technology learning 
curves, which is crucial for projecting the future mitigation potentials 
of different options. Additionally, experts estimated the expected 
deployment scale of these technologies under two stylized policy 
scenarios: the International Energy Agency’s Stated Policies (STEPS) 
and Net Zero Emissions by 2050 (NZE). This approach helps us 
understand how different policy frameworks could affect the 
deployment of DACCS and BECCS.

Following this introduction, our paper is structured as follows: 
Section 2 reviews extant studies about current and future DACCS and 
BECCS costs and scalability. Section 3 details our study’s aims, 
research questions, scope and limitations. Section 4 describes our 
research methods and analytical tools, while Section 5 presents the 
results. Finally, Section 6 draws out conclusions, policy implications 
and recommendations for further research.

2 Literature review

2.1 Direct air carbon capture and storage

DACCS is a technology that addresses climate change by removing 
CO2 directly from the atmosphere. The process involves two main 
steps: (1) Direct Air Capture (DAC), which entails using chemical 
processes to capture CO2 from the ambient air; and (2) Carbon 
Storage, which entails injecting the CO2 into geological formations, 
such as depleted oil and gas fields or deep saline aquifers, where it is 
stored permanently and safely underground. Appendix A describes 
this technology in detail.

There are relatively few authoritative or peer-reviewed cost 
estimates of DACCS. Moreover, cost (and deployment) assessments 
vary widely because authors employ different analytical approaches 
and often start from divergent assumptions about cost drivers 
(summarized in Table 1). An early 2011 American Physical Society 
(APS) study estimated the cost of an aqueous technology similar to 
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TABLE 1 Summary of DACCS cost and scalability analyses.

Analysis Approach Cost estimate (if 
given)

Cost driver(s) Estimated net 
zero contribution 
(if given)

Socolow et al. (2011) Simplified costing approach used 

for early-stage industry projects: 

avoided cost for post-

combustion CO2 capture from a 

coal power plant. OPEX/ 

CAPEX costs

780 X/t-CO2 avoided

550 $/t-CO2 captured

Improvements in components and 

systems; new sorbents, OPEX/ CAPEX 

costs

Estimates capture potential 

of hypothetical DAC 

facility/ system

Wilcox et al. (2017) Thermodynamic analysis Efficiency, carbon utilization outputs, 

energy needs, CO2 purity

Deutz and Bardow (2021) Lifecycle assessment Energy source, absorbent choice, plant 

properties, efficiency

1% of global annual CO2 

emissions by 2050

Brandl et al. (2021) Archetypical CO2 capture 

process model

$14.4tCO2 (marginal cost 

when capture rate reaches 

above 90%)

Flue gas composition, policy initiatives, 

plant scale

Ishimoto et al. (2017) Review of literature and cost 

data from industrial sources

10 to >2500$/tCO2 Plant configuration, market size

Keith et al. (2018) Engineering and cost analysis for 

a 1 MT CO2/year DAC plant 

using Aspen process simulation

94–232$ per ton CO2 

(levelized costs)

Energy source, costs, financial 

assumptions, choice of inputs and 

outputs; capital recovery factor

Same as Socolow et al. 

(2011)

Minx et al. (2018) and Fuss 

et al. (2018)

Literature review and review of 

IAMs

Near-term: $600-1000/tCO2 

potential to decrease to 100–

300

Capital cost, energy cost, regeneration 

and OPEX costs, sorbent costs, co-

location cost savings, storage constraints

2050: 0.5–5 GtCO2 per 

year

Realmonte et al. (2019) Long-term mitigation scenarios 

using TIAM-Grantham and 

WITCH IAMs

180 to 300 $/tCO2 

(benchmarks taken from past 

studies)

Energy supply, sorbent production; 

carbon budgets imposed

3Gt/ year to 30Gt/ year 

(deployment scenarios not 

estimates)

Fasihi et al. (2019) Literature review and techno-

economic analysis of state of the 

art DAC technologies from an 

energy system perspective

2020: 222/133

2030: 105/60

2050: 54/32 Euro/tCO2 

without/with utilization of free 

waste heat

Learning rates, choice of DAC 

technology and energy source, capital 

investment, energy demand and cost

NASEM (2019) Literature review, analysis of 

energetics, carbon footprints and 

economics based on liquid 

solvents and solid absorbents

$100 to $1000/tCO2 Private sector investment, technological 

development, solvent/ absorbent 

system, Capex, Opex

1 Mt./CO2 per year 

(baseline assumption of 

hypothetical plant not 

estimate)

McQueen et al. (2020a) 

(Frontiers)

Cost analysis of energy and 

capital needs of heat/ power 

generation, direct air capture and 

compression required by 

different configurations of gas 

and electricity

$250-150/tCO2 (estimates of 

costs associated with different 

technological configurations 

not temporal predictions)

Liquid-solvent design, leakage costs and 

energy source, compression, heat/power 

generation,

Unit plant capacity ~1 

MtCO2/year

McQueen et al. (2020b) Economic analysis of all aspects 

of DAC process including CO2 

utilization, storage, energy 

source, transport, capture and 

injection costs

<$300/tCO2 per year 

(scenarios not estimates)

Economic incentivization, policy 

options, partnerships with geothermal 

and nuclear energy producers, sorbent 

DAC costs, energy access, TSM, co-

location, market opportunities

19 MtCO2/year

Lackner and Azarabadi 

(2021)

Uses buy-down model to 

estimate the amount of capital 

investment needed to lower DAC 

cost to $100/ton CO2

100$/ton CO2 (a hypothetical 

benchmark not estimate)

Levelized costs:

2030: 100 $/ton CO2

2040: ~65

Capital investment effects based on 

analogous technology costs, learning 

rate, economies of scale and modularity

(Continued)
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that presented here (Socolow et al., 2011). The APS “realistic” case had 
costs of 780 $/t-CO2-avoided and 550 $/t-CO2-captured, where the 
“avoided” value includes emission from electricity supply outside the 

plant boundary. Using a similar methodology, Keith et  al. (2018) 
estimate levelized costs of $94 to $232 per ton CO2 from the 
atmosphere. The comprehensive review of NETs by the NASEM 

TABLE 1 (Continued)

Analysis Approach Cost estimate (if 
given)

Cost driver(s) Estimated net 
zero contribution 
(if given)

IEAGHG (2021) Global assessment of DAC costs 

based on technological maturity, 

energy costs, capital costs and 

capital investment

2020s (FOAK plants): ~$400-

700/net-tCO2

2050s (NOAK plants): ~$150-

200/net-tCO2

Energy source and cost, technological 

maturity, capital costs, capital 

investment, uncertainty, learning rates, 

policy support

Assumes a baseline unit 

plant size of 1 MtCO2/year

Hanna et al. (2021) Novel IAM that incorporates 

financial investment, learning by 

doing, energy supplies with 

carbon cycle models in 

emergency deployment scenario

Levelized costs by 2025: 2018$ 

per tCO2 140–1100 depending 

on choice of DAC method and 

energy source

Significant near-term global investment 

(1.2–1.9% GDP) in DAC; choice of 

energy source; learning rates

Large removal achieved 

only after

2050: 2.2–2.3GtCO2 per 

year, potential for 

significant upscaling by 

2075

Lackner et al. (2012) $600/ t CO2 baseline goal Economics, technology innovation, 

geophysical conditions, responses to 

leakage,

McQueen et al. (2021) Review of applications 2030: 150tco2$-240

2040: 100–170

Cost estimates for liquid solvent and 

solid solvent DAC based on properties 

including mass transfer, heat transfer 

and chemical kinetics; learning-by-

doing; capital and operating costs

2030: 10X double installed 

capacity in 2020

2040: 20X installed 

capacity in 2020

2050

Grant et al. (2021) Expert elicitation and IAM Uncertainty; carbon prices ~0.0012 GtCO2 per year

2030: 0.282

2040:

2050: ~3 GtCO2

Ozkan et al. (2022) Literature review Technology-based economic 

development in: Contractor; sorbent; 

regeneration; energy source and needs; 

industry growth; CAPEX, OPEX and 

sorbent costs

IEA DAC Report 2022 IAM and review of operational 

facilities

$125–335 /tCO2 Carbon pricing scheme, energy prices, 

facility configuration, capture 

technology, OPEX, CAPEX

Could meet NZE targets

Erans et al. (2022) Literature review 94–600 $/tCO2 for high TRL 

DAC

60–10(4) for low TRL DAC

TRL, raising R&D funding, investment, 

supportive business and policy models, 

public acceptance, regulation, 

compliance, liability concerns

Potential CO2 removal 

(GtCO2/year)

10(−7) to 10(−6) (high 

TRL DAC)

10(0) to upper boundaries

IEA (2023b) IAM and review of planned and 

operational applications

Without a carbon price:

49-270USD/TCO2

20

With a carbon price: −140 to 

195 USD/tCO2

Application cost, solid or liquid 

technology, energy source, storage and 

use needs, carbon intensity of energy 

source, carbon pricing scheme/ policy, 

heat, electricity and CO2 prices, 

comprehensive: learning by researching, 

doing, economies of scale, location,

2030: 85 Mt. CO2

2050: 980

Young et al. (2023) Bottom-up engineering 

economic model with 

technological learning 

projections

$100–600 tCO2 per year Capital cost reduction via aggressive 

deployment; policy support to create 

market opportunities; learning; 

location; energy source; capital and 

energy prices
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(2019) concludes that DACCS costs could span a wide range of cost 
estimates from $100 to $1000/tCO2 as a function of commercialization, 
technological development, choice of technology and capex and opex 
costs. More optimistically, Lackner and Azarabadi (2021) find that 
capital investment of several hundred million dollars would 
be sufficient to bring down the cost of DAC to $100/ton. Another 
relatively early analysis that combines a review of earlier literature with 
an analysis of data from industrial sources estimates a much wider 
cost range spanning $10 to over $2500/tCO2. The well-known 
comprehensive IAM reviews by Fuss et al. (2018), Minx et al. (2018) 
and NASEM (2019) find near-term costs of $600-1000/tCO2 and 
estimate potential decreases to $100-300/tCO2, which are associated 
with significant, though not necessarily (climatically) sufficient CO2 
removals of 0.5 to 5GtCO2 annually by mid-century.

Using a different approach, Hanna et al. (2021) investigate an 
emergency DAC program that receives vast investment of 1.2–1.9% of 
global GDP annually and estimate a significant annual removal 
potential of 2.2–2.3 GtCO2 by 2050, which rises to 13–20 GtCO2 by 
2075. In this analysis, significant near-term global investment, choices 
of energy and learning rates are the major cost drivers, which result in 
costs below $100/t by 2075 for some low temperature configurations. 
Later analyses that explore the influence of near-term investment and 
learning rates also reach relatively optimistic conclusions; with near-
term costs falling from ~$400–700 tCO2/year in the 2020s to 
~$65–170 tCO2/year by mid-century (e.g., McQueen et al., 2020b; 
Lackner and Azarabadi, 2021). By contrast, more recent analyses (e.g., 
Young et al., 2023) find that DACCS capital costs do come down with 
large-scale deployment, but overall costs actually plateau by 2050 at a 
higher level of $100-600/t, reflecting both greater pessimism and also 
greater uncertainty over potential cost reductions. The role of 
uncertainty is also considered critical.

A handful of engineering and cost analyses estimate costs (and 
sometimes deployment scales) based on an assumed unit plant 
capacity (usually ~1 MtCO2/year). Most of these analyses reach 
relatively convergent estimates about potential cost reductions 
between $100–300/ tCO2 by mid-century (e.g., Fasihi et al., 2019; 
McQueen et al., 2020a; IEAGHG, 2021). By contrast, Realmonte et al.’s 
(2019) assessment of long-term mitigation scenarios using the 
TRAM-Grantham and WITCH IAMs reaches relatively pessimistic 
conclusions despite using relatively modest cost benchmarks ($180–
350 tCO2) from past analyses. The authors foresee that demands on 
sorbent production and high energy inputs severely obstruct dramatic 
upscaling and estimate that the risk of relying on (unrealizable) 
DACCS at scale could lead to a global temperature overshoot of up to 
0.8°C. Most similar to our analysis, Grant et al. (2021) conduct an 
expert analysis on DACCS, BECCS and afforestation/reforestation and 
find that a high uncertainty scenario is associated with 10 Gt CO2 
more emissions reductions than a scenario that does not 
consider uncertainty.

There has been a significant growth in support for DAC projects 
over the past few years. The UK government was the first to establish 
substantial funding when it created the £100 m Innovation Fund to 
support DAC and other greenhouse gas removal options in Aug 2020. 
That funding was soon dwarfed by funding from the US Inflation 
Reduction Act, which included a 45Q tax credit of up to $180/t. The 
US Government also made a $3.5bn commitment to four large DAC 
hubs, of which the first phase was launched in Aug 2023 and included 
$1.2 billion in funding for new large projects in Texas (led by 

Occidental Petroleum/Carbon Engineering) and Louisiana (led by 
Battelle, Climeworks/Heirloom). The U.S. Department of Energy 
(2022) also established an overarching objective, termed the Carbon 
Negative Shot, of reducing costs to $100/tCO2 over the next decade. 
Ozkan et al. (2022) describe how progress needs to be made in terms 
of the contactor, sorbent, and regeneration to achieve $100/ton of CO2 
or less. The policy environment, particularly the ambitiousness of 
carbon pricing and use of other incentivization mechanisms, also 
takes on a more prominent role in more recent assessments, which are 
increasingly broader and multidisciplinary in their analysis of cost 
drivers and feasibility. Indeed, alongside technological development, 
design problems, the DACCS process and investment, more recent 
cost and scalability estimates also consider the likely implications of 
learning by doing, co-location, governance, policy support, and 
synergies with other CDR and, increasingly, other mitigation 
approaches (e.g., IEA, 2021, 2023b; Erans et al., 2022; Young et al., 
2023). Perhaps a reflection of the larger number of moving parts, later 
estimates are somewhat more cautious than earlier (purely engineering 
or economic/ investment) analyses, with annual costs estimated to 
reach $49–600 tCO2 by mid-century.

2.2 Bioenergy with carbon capture and 
storage

BECCS technology combines producing energy from biomass 
with capturing and storing carbon dioxide (CO2), potentially resulting 
in a net reduction of atmospheric CO2 and contributing to climate 
change mitigation efforts. Appendix B describes this technology 
in detail.

In general, earlier literature reviews are more optimistic in terms of 
scalability, with BECCS estimated to contribute between 1 to 21 GT CO2 
annually by mid-century (Kemper, 2015; Minx et al., 2018) (see Table 2). 
The BECCS chapter of the comprehensive NASEM (2019) review 
mentioned above estimates an annual carbon removal potential of 10–15 
GtCO2 per year by mid-century depending on commercialization, 
carbon flux, electricity cost and technological development. Later 
literature reviews tend to posit more cautious scalability estimates. For 
example, Consoli (2019) estimate 16 GTpa by 2100. Interestingly, lower 
scalability predictions are not obviously linked to higher cost estimates 
as many more recent cost estimates such as Consoli’s foresee notably low 
costs—as low as 20$/tCO2 in some sectors.

The breadth of cost and scalability estimates reflects the large 
number of moving parts and potential sources of uncertainty of 
BECCS deployment. Compared to DACCS, the BECCS process 
encompasses a greater number of steps including processes required 
for biomass production, processing into fuel or electric power, CO2 
storage, investment in the power plant or biofuel production facility, 
CCS infrastructure, OPEC costs and the possibility of offsetting costs 
from potential revenues from energy generation (Clulow and Reiner, 
2022). While economies of scale are expected to reduce costs until 
around mid-century, after a certain point, most analyses—whether 
from political economy (Honegger and Reiner, 2018), IAM (Fuss et al., 
2018; Minx et al., 2018; NASEM, 2019; Butnar et al., 2020) or expert 
elicitation perspective (Grant et al., 2021)—concur that cost reduction 
and scalability will eventually be  obstructed by limited resource 
inputs—mainly relating to land (and to a lesser extent water) for 
biomass generation and CO2 storage.
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TABLE 2 Summary of BECCS cost and scalability analyses.

Analysis Approach Cost estimate 
(where given)

Cost driver Estimated net zero 
contribution (where 
given)

Kemper (2015) Literature review, particularly 

AR5

TRL, economic feasibility, 

sector, biomass crop, energy 

source and cost

2030: 2.5–21 Gt CO2 per year

2050: 1–21 Gt CO2 per year

Pour et al. (2018) Case study of municipal solid 

waste power plant

Biomass source, economic 

incentives, environmental 

impact, resource needs

2.8 billion tCO2/year by 2100

Fuss and Johnsson (2021) Mixed methods: review of 

IAMs and case study analysis 

(Sweden)

National conditions: point 

source availability, policy 

environment, social acceptance

Fajardy et al. (2021) Economic Projection and Policy 

Analysis (MIT Model)

$240 tCO2 Economics, global commodity 

prices, accounting system, 

environmental/ political 

constraints

Fajardy et al. (2019) Literature review and life-cycle 

analysis

Specific characteristics of the 

plant, side-effects, governance

Donnison et al. (2020) Systems service value and land-

use optimization analysis

Energy needs, feedstock, trade-

offs with other priorities, 

impacts on ecosystem services, 

co-benefits, welfare implications

Minx et al. (2018) Literature review 2011–2018 59–250$/tCO2 estimate for 

2060

Land, biomass, CO2 2050: 2.4 GtCO2/year

2100: 69.7 GtCO2/year (flux 

estimates)

Fuss et al. (2018) IAM review US$100–200/ tCO2 by 2050 Land availability, biomass crop, 

source of CO2 capture

2050: 0.5 – 5GtCO2

Honegger and Reiner (2018) Literature review and political 

economy analysis

~$200tCO2 by 2050 Political economic barriers, 

governance framework, policy 

incentives

NASEM (2019) Literature review, analysis of 

commercial status, energy-

based carbon removal 

pathways, process economics 

and biomass supply potential

36–87 $/tCO2 depending on 

carbon capture approach

Commercial status, carbon flux, 

electricity cost, technological 

development

2050: 10–15 GtCO2 per year

Grant et al. (2021) Expert elicitation and IAM Consequences of uncertainty on 

investment and deployment

2030: 0.43 GtCO2 per year

2040: 1.7

2050: 2.58

Consoli (2019) Literature review and 

operational facilities

20–288 US$/tCO2 Sector, modularity, biomass 

supply

2030: 0-8Gtpa

Rising to 16 Gtpa by 2100

Butnar et al. (2020) IAM review and bottom-up 

TIAM-UCL modelling

TIAM-UCL: $20–340/ tCO2 

by 2050

Facility configuration; biomass 

availability, TSM

IEA (2023a) IAM and review of applications 2030: 50 Mt. CO2/year

Despite the high variability of estimated costs arising from the 
modularity of the technology, and widespread expectation that costs 
in at least some sectors will fall below the industry target ($100/tCO2), 
most analyses suggest that BECCS will contribute around 2.5GtCO2 
by mid-century —only a fraction of the 1380 MtCO2 pa required to 
be  NZE-compliant, with the most recent IEA (2023a) tracking 
predicting a relatively modest scalability of 50MtCO2 pa by 2030.

In summary, the existing literature reveals that while there are 
some emerging efforts to estimate future costs and scalability potential 

for DACCS and BECCS, the available estimates are sparse and 
divergent, which could potentially hinder policymakers’ decision-
making processes.

3 Aim, scope and limitations

Our study aims to provide model-builders and policymakers with 
a better understanding of the uncertainty surrounding the costs and 
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scalability of DACCS and BECCS technologies. The following section 
presents the contributions as well as scope and limitations of the 
research. Specifically, we  aim to understand the current state of 
DACCS and BECCS technologies and how they may evolve in the 
future as well as the potential scalability of these technologies under 
different policy scenarios. Due to the lack of data on these 
technologies, we undertook expert elicitations to answer the following 
research questions:

 1) How do the costs of DACCS and BECCS technology change 
over time? Does the uncertainty increase or decrease?

 2) What is the potential scale of BECCS and DACCS that experts 
project will be deployed under the IEA STEPS and NZE policy 
scenarios? How does uncertainty evolve under the different 
policy scenarios?

This research is developed along three axes, which have previously 
been addressed separately but not collectively: (1) comparing DACCS 
and BECCS technologies; (2) providing uncertainty knowledge on 
costs and scalability estimates; and (3) gathering novel qualitative 
insights to explore factors that can influence the cost and scalability of 
the technologies. Apart from its novelty, our research can assist in 
improving the models used to project and analyze future 
decarbonization scenarios. Our expert elicitation study provides 
valuable insights into the evolution and future prospects of DACCS 
and BECCS technologies in Europe for the short (2030), medium 
(2040), and long term (2050). It offers detailed assessments of the 
costs, scalability, and uncertainties associated with these technologies 
under varying policy scenarios. Additionally, the interviews shed light 
on the political and technological challenges Europe may face in 
implementing these technologies.

In this study, we interviewed a total of 34 experts from October 
2022 to January 2023, focusing on DACCS (21 experts) and BECCS 
(13 experts), with the difference in numbers due to availability and 
time constraints. Most experts were from the academic or research 
sectors in Europe. The minority of experts that were not based in 
Europe were briefed to base their responses on the European context. 
We opted for live interviews over online questionnaires to capture 
qualitative insights alongside quantitative data, allowing for dynamic 
discussions and deeper understanding of expert opinions. This 
approach has helped to establish a foundational database of current 
expert judgments on DACCS and BECCS. Furthermore, the design of 
our elicitation protocol facilitates this research to be extended in the 
future, for example, by adding new expert interviews on DACCS and 
BECCS to the existing database or interviewing experts on other 
carbon dioxide removal solutions.

While a large number of studies employ expert elicitation to 
evaluate the potential scalability of CCS more broadly (e.g., Abdulla 
et  al., 2021; Machado et  al., 2022), only a handful investigate the 
deployment of individual CDR options. For example, Shayegh et al. 
(2021) conducted an expert elicitation to assess judgments on the 
future costs, capacity, energy requirements, and downstream use of 
CO2 from solid and liquid sorbent DAC technologies. Their analysis 
of 18 expert elicitations from industry and academia found that while 
DAC costs are likely to decrease significantly by mid-century, they 
could remain about twice as high as the industry target of $100/tCO2. 
Vaughan and Gough (2016) engaged 18 climate and BECCS experts 
and concluded that Integrated Assessment Models (IAMs) 

incorporated unrealistic assumptions about BECCS and its supporting 
infrastructure. Izikowitz et al. (2023) consulted 54 experts on various 
criteria to identify optimal locations for DACCS plants and found that 
the US, Canada, China, and Australia are most favorable. Another 
recent study by Perdana et al. (2023) analysed 260 expert opinions on 
the impact of different innovations for achieving Net Zero focusing on 
technological and non-technological decarbonization solutions 
(Perdana et al., 2023).

These previous elicitations have either concentrated on a single 
technology or used questionnaires for data collection. Our work, 
however, aims to highlight the differences between DACCS and 
BECCS technologies not only in terms of costs but also scalability 
under different policy scenarios and utilizes a methodology that 
facilitates a deeper understanding of expert opinions. Consequently, 
the methodologies, questions, and system assumptions used in these 
studies differ from ours, making direct comparisons challenging. The 
relatively novel status of DACCS and BECCS technologies and narrow 
pool of experts with expertise on both technologies necessitated us to 
select separate groups of experts for each technology. We sought to 
minimise potential biases arising from differences between the groups 
of experts by employing a common interview protocol and framing 
cost and scalability forecasting around the same (STEPS and NZE) 
policy scenarios to facilitate novel comparisons to be made about 
expert opinions on both technologies. The interviews were semi-
structured, which ensured that respondents were asked to provide 
insights on key issues under investigation while providing flexibility 
and opportunity for individual respondents to provide more detailed 
insights which were recorded as qualitative insights or forego parts of 
the interview, for example, if knowledge was lacking on costs.

Our study faces certain limitations. DACCS and BECCS 
technologies encompass a great degree of heterogeneity in terms of the 
technologies, processes, and methods employed. For example, various 
solvents can be utilized in DACCS to capture carbon dioxide from the 
atmosphere, while BECCS can utilize a diverse range of biomass 
feedstocks, including different types of crops, for carbon capture and 
storage. Considering the relatively small scale of our study, 
we  established strict boundaries around DACCS and BECCS 
technologies to ensure the comparability of expert responses. This 
entailed delineating a set of specific assumptions regarding the 
technologies and type of plants involved in both DACCS and BECCS, 
which are detailed in the methods section. The primary purpose of 
setting these boundaries was to facilitate comparability across the 
responses of different experts, ensuring that our analysis was coherent 
and focused on directly comparable insights. Consequently, our 
findings are not generalizable beyond these specific technological 
boundaries. Therefore, our study does not consider systems that 
involve other forms of carbon storage, such as in cement, chemical 
products, or e-fuels.

Secondly, the results are inherently linked to the background, 
expertise, and location of the participating experts. Most interviewees 
had academic backgrounds in engineering or natural sciences and 
were based in Europe. To contextualize the data and address 
limitations related to specific regional factors, we  supplemented 
quantitative findings with qualitative insights from these experts.

Finally, expert elicitations are susceptible to biases, which can 
stem from the methodology, experts preparation, or the interviewers’ 
own skill (Apostolakis, 1990; Morgan, 2014). We minimized common 
biases by employing a well-tested protocol and ensuring that experts 

https://doi.org/10.3389/fclim.2024.1331901
https://www.frontiersin.org/climate
https://www.frontiersin.org


Abegg et al. 10.3389/fclim.2024.1331901

Frontiers in Climate 08 frontiersin.org

were thoroughly briefed. However, cognitive biases such as anchoring 
or overconfidence, which are common in social sciences, are more 
challenging to eliminate. Anchoring bias can lead experts to overly 
rely on specific information like the 2020 cost breakdown, while 
overconfidence might result in inflated self-assessment of one’s own 
knowledge (Block and Harper, 1991). To mitigate these biases, experts 
were encouraged to use simple models to predict future costs and 
scalability and to consult relevant literature during the interviews 
as needed.

4 Method: Expert elicitation

DACCS and BECCS are technologies that have been tested at pilot 
scale and are in the process of being deployed at larger scale. Despite 
this, the amount of public information on active projects is limited. 
There exists an array of qualitative forecasting methods which facilitate 
the creation of knowledge on subjects where real-life data is limited. 
For this research we decided to undertake expert elicitation, a method 
that supports the systematic gathering of quantitative and qualitative 
expert opinions. Our sample size was similar to those of previous 
studies. The in-person aspect ensures that experts provided quality 
answers, while giving them the freedom to provide context to the 
quantitative figures.

Historically, expert elicitations stem from probabilistic risk 
assessments of technological systems such as nuclear power plants or 
chemical process facilities. Interviewing a variety of experts using a 
formal protocol is one of the few ways to generate knowledge and 
quantitative data to characterize the risk or frequency of certain 
hazardous events. In past decades, expert elicitations gained attention 
in the field of climate science, particularly for IAMs or climate change 
modelling (Apostolakis, 1990). Expert elicitations have also been 
conducted for individual negative emission technologies (Vaughan 
and Gough, 2016; Shayegh et al., 2021; Perdana et al., 2023), but none 
employ a holistic elicitation method and use the same set of questions 
to compare DACCS and BECCS costs and scalability. In a field where 
there is so much uncertainty and where future trajectories are highly 
dependent on current political decisions, it is imperative to use a 
structured method. Expert elicitations typically constrain expert 
answers to a particular system or framework. Although this impedes 
the generalization of findings to a wider range of technologies, it 
allows for a coherent and systematic modelling of uncertainty for a set 
of given technologies (Zickfeld et al., 2010; Rai, 2013).

The experts for this elicitation were selected based on evidence of 
previous research or activities undertaken in this area. We compiled a 
database of more than 500 technical experts who have worked on 
carbon dioxide removal, who were then reviewed in terms of their 
level of expertise to answer the questions under consideration. 112 
DACCS experts and 88 BECCS experts were contacted by email. 
Mailchimp was used to reach out to most of the experts. In total, 21 
experts for DACCS and 13 for BECCS agreed to participate in the 
elicitation (equivalent to response rates of 19 and 15% for DACCS and 
BECCS respectively).

The selection of experts for both technologies included a diverse 
range of participants, encompassing academics and researchers from 
universities, research institutes, or think tanks and government, as 
well as practitioners working in firms developing these technologies. 
Moreover, they also are drawn from a number of different disciplines 

and background, so some will have more expertise in technical, or 
economic or policy dimensions. We  recognize the variation in 
perspectives, motives, and assumptions across these distinct groups. 
Despite these differences, each expert could contribute a high level of 
familiarity and expertise with the technologies. Since perspectives on 
cost and scalability can vary, leading to differing degrees of optimism, 
it is crucial to encompass the entire spectrum of expert opinions. By 
including a wide range of viewpoints, we mitigate the risk of bias—
whether overly optimistic or pessimistic—that could arise from 
focusing solely on one subgroup of experts. This comprehensive 
approach ensures a more balanced and representative understanding 
of the field.

The study was developed in the context of the European 
Commission Horizon 2020 Project, NEGEM. We therefore carried out 
two pilot elicitations for both DACCS and BECCS using experts from 
within the NEGEM consortium. The goal of these interviews was to 
ensure proper understanding of the system assumptions and 
questions. Despite some minor changes that were made to the 
reference assumptions following the pilots, the responses of these four 
experts are included in the larger study as none of the changes 
significantly affected the overall consistency of the questions. Table 3 
lists the experts (including their primary affiliation) who participated 
in the expert elicitation in alphabetical order.1

Due to the multidisciplinary scope of the research, a mix of 
experts from academia, industry, policy, and technology fields was 
sought. Academics represent the largest share, comprising 62% of 
DACCS experts and 81% of BECCS experts, respectively.

4.1 Elicitation protocol and assumptions

Prior to the elicitation, experts were sent a two-pager along with 
the meeting invitation. The goal of this document was to inform 
experts on the NEGEM project and technological and policy 
assumptions used in the study. While these are presented in detail for 
each technology in Appendix C, it is worth noting that starting cost 
and scale assumptions were based on recent operational facilities; 
DACCS was based on the Climeworks process with total costs of 581 
Euros/CO2t operating at ~1 Mt. CO2 capture capacity; and BECCS 
assumptions were derived from a Drax power plant with total costs of 
172 Euro/CO2t operating at 909.5 Kt CO2 capture capacity.

A multi-page Excel-based protocol was developed to facilitate the 
visualization and organization of interview responses. The protocol 
included expert information, a review of system assumptions, 
questions on costs and energy usage (for DACCS) or costs, feedstock 
type and land usage (for BECCS), scalability under the two policy 
scenarios, and limiting factors and enabling policies.2

Experts provided their details, and then responded to quantitative 
questions about costs, energy, and other variables for 2030, 2040, and 

1 Subsequent to the expert interviews conducted for our study, we extended 

an invitation to one of our interviewed experts, Zeynep Clulow, to join the 

authorial team. Her inclusion was specifically due to her demonstrated expertise 

in DACCS, which proved invaluable during the manuscript revision process 

and in the interpretation of our results.

2 The protocol can be obtained from the authors on request.
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2050, including minimum, maximum, and best estimates to represent 
a 90% confidence interval. The protocol also allowed experts to assess 
scalability under different scenarios, discuss technological variations, 
and rank limiting factors and enabling policies, and add new elements 
where necessary. Supporting information in the form of tables and 
graphs was available for visualization, review and amendment 
of answers.

In total, four different sets of data were examined for DACCS and 
BECCS technologies: future total costs, future breakdown costs, and 
scalability under the STEPS and the NZE policy scenarios, which are 
expected to substantially affect scalability.

Costs were described along three dimensions: (1) cost type: total 
cost, capex, opex, heat and fuel, feedstock, revenue, and CO2 transport, 
storage and monitoring; (2) year: 2030, 2040, or 2050; and (3) estimate 
type: minimum, maximum, or best estimate (BE). First, the trajectories 
of all obtained min-max ranges were analyzed using a scatterplot. For 
this, only the total costs and breakdown total costs are discussed. To 
portray the spread of the answers, five experts were selected, and their 
results are presented in detail. These experts were selected according to 
their 2030 cost best estimate. The smallest, second smallest, median, 
penultimate, and largest best estimates were chosen. The second 
smallest and penultimate expert responses were included to prevent 
affording too much importance to possible outliers. The trajectories of 
these experts represent the span of responses and are discussed in 
detail using insights from the respective experts.

We next asked experts their views on the potential scalability of 
both technologies. The scalability answers were also characterized 
along three dimensions: (1) the policy framework; STEPs or NZE 
scenario (2) variable type: minimum, maximum, or best estimate and 
(3) year: 2030, 2040 or 2050. The International Energy Agency’s Stated 
Policies (STEPS) and Net Zero Emissions by 2050 (NZE) scenarios 
were used as the basis for two key stylized scenarios to explore how 
different policies could influence the deployment of these DACCS and 
BECCS. The STEPS is a scenario where only existing or proposed 
policies are in place, while the NZE describes a scenario whereby the 
global energy sector reaches net-zero emissions by 2050. For this part 
of the elicitation, we describe stylized versions of these two scenarios 
and experts were asked what role DACCS and BECCS could play in 
those scenarios. They were also free to assume the deployment of 
technologies other than those specified in the previous stage of the 
elicitation. Appendix D provides a description of these scenarios.

As for the costs, the uncertainty of the scalability results was 
analyzed through the evolution of the min-max ranges throughout the 
years and within the experts. For this, we discussed the trajectories of 
all potential scale results under the two policy scenarios in 2030, 2040 
and 2050. Five representative expert answers were selected to gain a 
better understanding of the span of these results. Since scalability 
depends on the policy scenarios, two sets of experts were chosen for 
each technology. The first batch of experts was selected based on the 
potential scale best estimate under STEPS in 2030. The second batch 
of experts was chosen based on the potential scale best estimate under 
NZE in 2030. For both sets of experts, the smallest, second smallest, 
median, penultimate, and largest potential scales were selected, and 
the best estimate and min-max trajectories analyzed. Both under 
STEPS and NZE, up to three experts had the same scalability as the 
median result of BECCS scalability in 2030. Due to the already low 
number of respondents, showing all these experts in the trajectories 
analysis would have been counterproductive. For this reason, the 
median result of the last expert interviewed was selected. Uncertainty 
is additionally analyzed using the average widths of the min-max 
ranges. As explained above, a narrow width indicates that experts 
agree on the min-max range and are more confident in their 
predictions in a certain year. The percentage changes are also indicated 
to capture the increase or decrease in uncertainty over a 10-year 
period. Finally, we compared the potential scale best estimates of the 
technologies under both policy scenarios to understand the effect of 
policies on future scalability.

Qualitative insights gathered during the interviews are used to 
discuss the results. During our interviews with the experts, qualitative 
insights, including expert views and comments, were recorded and 
transcribed. Important or recurring insights were then collated into a 
separate document and categorized according to various themes 
reflecting either specific questions of the protocol (like comments on 
assumptions, future costs and scalability) or transversal themes like 
barriers and factors limiting each technology. This data provided a 
rich context for explaining our results, and while they have been 
anonymized to maintain confidentiality, we have included selected 
quotes to substantiate and illustrate the points made within our 
manuscript. This further analysis serves illustrative purposes and adds 
nuance to our quantitative analysis of expert opinions and 
expectations. However, it is important to note that these insights are 
not intended to be exhaustive or generalizable, but rather to enrich the 

TABLE 3 Interviewed experts on DACCS and BECCS technologies and 
their principal affiliation.

DACCS experts BECCS experts

Alauddin Ahmed – University of Michigan

Eadbhard Pernot – Clean Air Taskforce

Gaurav Sant – University of California, Los 

Angeles

Greg Mutch – Newcastle University

Howard Herzog – Massachusetts Institute of 

Technology

Jennifer Wilcox – US Department of Energy

Mai Bui – Imperial College London

Maria Erans – King Juan Carlos University

Matteo Gazzani – Utrecht University

MennatAllah Labib – University of 

Edinburgh

Nixon Sunny – Imperial College London

Noah McQueen – Heirloom

Peter Kelemen – Columbia University

Petri Laakso – Soletair Power

Selene Cobo-Guttierrez – Swiss Federal 

Institute of Technology (ETH) Zurich

Shareq Mohd Nazir – KTH Royal Institute 

of Technology

Stefano Brandani – University of Edinburgh

Stuart Haszeldine – University of Edinburgh

Volker Sick – University of Michigan

Webin Zhang – Nottingham Trent 

University

Zeynep Clulow – University of Cambridge

Astley Hastings – University of 

Aberdeen

Caspar Donnison – University of 

California, Davis

Catriona Reynolds – Drax

Clair Gough – University of 

Manchester

Constanze Werner – Potsdam 

Institute for Climate Impact 

Research

Eric Larson – Princeton University

Fabian Levihn – Stockholm Exergi

Ilkka Hannula – International 

Energy Agency

James Palmer – University of 

Bristol

Mathias Fridahl – Linköping 

University

Mathilde Fajardy – International 

Energy Agency

Stefan Grönkvist – KTH Royal 

Institute of Technology

Stephen Smith – University of 

Oxford
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understanding of the specific contexts within which the results 
were obtained.

5 Results and discussion

This section discusses the results from the expert elicitations by 
focusing on both the uncertainty range and the best estimates, 
scalability under the different policy scenarios, and, finally, limiting 
factors and enabling policies. This order of presentation is motivated 
by the elicitation methodology where uncertainty ranges were probed 
before the best estimates. Importantly, the numbers used in this 
section do not correspond to the order of the expert list and all expert 
answers were anonymized.

5.1 Cost uncertainties

The following sections investigate the trajectory and evolution of 
uncertainty of DACCS and BECCS technology costs in 2030, 2040 and 
2050 using the elicitations for both the total costs and the 
cost breakdowns.

5.1.1 DACCS costs uncertainty
Figure 1 shows the ranges provided by all experts in €/tCO2 for 

DACCS total costs trajectories over the years. Of the 21 DACCS 
experts, 18 provided an estimate of total costs, with 13 also giving a 
cost breakdown.

There is a clear disparity across experts with some providing very 
narrow ranges and others spanning over two orders of magnitude. 
Starting in 2030, there is a tendency for experts that gravitate towards 
higher costs to also provide wider min-max ranges while those 
gravitating towards lower costs provided narrower ranges. This can 
indicate that the higher the cost, the larger the uncertainty of the 
experts or that experts which are confident in their belief of attaining 
low costs provided narrower intervals.

Experts 10, 12, 13, 14 and 15 did not provide a detailed breakdown 
of the costs. In most cases, reluctance to give cost breakdowns 
stemmed from experts’ (self-perceived) lack of expertise and/or 
knowledge about the technology’s different cost items. One expert did 
not offer cost breakdowns, for example, because of their ‘lack of 
technical expertise around the component cost items [of DACCS]’ 
(DACCS Expert 15). Similarly, another expert opted not to give cost 
breakdowns because of the high uncertainty surrounding ‘too many 
moving parts’ (DACCS Expert 13).

On comparing the total costs and total costs obtained from the 
cost item breakdown (from here on called ‘breakdown cost’), it is 
apparent that experts that gave a breakdown of the costs tended to 
provide cost ranges that span higher than the five experts which only 
provided total costs. One possible explanation for this is that by 
separating the costs in different items, a buffer for uncertainty is added 
to each item which leads to higher overall costs.

No expert employs the 2020 reference costs (provided to 
respondents in the two-pager) for their 2030 costs, although some said 
that they used it as a starting point and then assumed some learning 
and gains from upscaling over the intervening seven years (specifically, 
Experts 6, 10, 11, 15, 16, 10 and 18). A minority of experts said that 
the 2020 reference costs were too low and instead based their 

assessments on different (higher) starting costs that they regarded as 
more accurate reflections of world average costs (Experts 8 and 13). 
Strikingly, some experts do not even include that starting point within 
their min-max ranges for 2030. Nevertheless, when asked if they 
agreed with the 2020 starting costs, most DACCS experts answered 
affirmatively. Half of the experts’ ranges lie outside of the reference 
provided, which further indicates that our experts answered the 
questions according to their own knowledge without being strongly 
anchored by the reference costs. All expert ranges decrease throughout 
the decades, except for expert 11. This expert provided a very wide 
range that does not change throughout the years, skewing the average 
min-max range over the years. This expert expected that different cost 
components would follow contradictory trajectories which would 
result in consistently wide ranges: for example, ‘changing sorbent 
chemistry might reduce OPEX, it would also increase CAPEX’ 
(DACCS Expert 11). In the interviews, experts consistently 
commented that extrapolating future energy costs was difficult. 
Reasons given include the volatility of the energy market driven in 
part by the Russian invasion of Ukraine (DACCS Expert 11), 
increasing energy prices throughout Europe (DACCS Expert 11, 13 
and 18), and the uncertainty surrounding the rate of adoption of 
renewable energy and the timing of fossil phase-out in the European 
grid (DACCS Experts 10, 11, 18, 20 and 21), uncertainty over the 
investment in DACCS (DACCS Experts 12 and 21) and ‘how quickly 
the voluntary market will saturate in Europe’ (DACCS Expert 21). A 
number of experts mentioned the uncertainty regarding the ambition 
and stringency of European energy policy as a justification for the 
wide ranges (DACCS Experts 1, 10, 11, 12, 15 and 16). Although not 
stated explicitly by our experts, hopes for energy prices to settle back 
to pre-war levels could explain the decrease of the energy cost 
min-max ranges over time.

Due to the limited pool of experts interviewed and dispersed 
nature of the estimates, the data cannot undergo traditional inferential 
statistical analysis. As shown in Table 4, the smallest, second smallest, 
median, penultimate, and largest, best estimates were selected from 
the pool of 2030 cost best estimates to represent the obtained data and 
span the space without giving too much weight to single outliers. 
Figure 2 and Table 5 show the trajectories of the min-max ranges of 
these selected experts over the years. Experts 11* and 18* are indicated 
with an asterisk as they provided a cost breakdown.

Of the five selected experts, experts 11*, 15 and 18* believe in a 
general reduction of costs. Expert 18* uses the 2020 starting costs as 
a maximum point for 2030 and 2040 costs. Expert 15 starts with the 
highest costs and ends in a similar range as the median cost in 2050. 
This could point again to the behavior that experts that start with large 
costs tend to decrease these more over time than experts that start 
with smaller costs. Finally, despite a decrease in costs over time, 
Expert 11* provides high costs and has a 2050 best estimate that is 
higher than the 2020 starting costs.

Expert 14 has a constant min-max range and best estimate over 
the three decades. This expert’s reasoning is that by 2030, DACCS will 
rely ‘only [on] processes which are already in industrial use. There may 
be some economies of scale, [but DACCS] will not be cheaper’. Finally, 
DACCS Expert 10 shows a min-max range and best estimates which 
shift right. As previously highlighted, increasing costs in the first years 
of deployment of a technology is not uncommon. Here, the increase 
in minimum costs is due to the belief that, while it is ‘very likely that 
innovation… [in capture methods reduces] capex and opex, … 
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FIGURE 1

DACCS total costs ranges. DACCS total costs estimates with minimum, maximum, and best estimate of each expert in €/tCO2. Figures are given for 
2030, 2040 and 2050. Best estimates are the blue dots, and the 2020 total cost is shown by the red line. Dashed lines show the average min and max 
ranges.
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you might need to pay a lot more for transport and storage’ (DACCS 
Expert 10). However, the min-max range, or the uncertainty range of 
this expert narrows over the years. This again could indicate that 
experts which believe that low costs can be  attained in 2030 are 
confident in this prediction and provide narrower intervals.

To conclude, many experts assumed that the introduction of more 
renewables into the energy grid would reduce energy costs, and that 
novel and more efficient sorbents will reduce capex and opex costs by 
2050. Additionally, experts also mentioned that minimum costs can 
be  capped by technological or thermodynamical feasibility. For 
example, when making minimum cost predictions, DACCS Expert 19 
reasoned that ‘we have, historically, not been able to get much 
improvements in… solvents and sorbents developed for DACCS and 
industrial applications.’ Similarly, another expert felt that DACCS cost 
reductions will eventually be limited as ‘old industry [used for DACCS 
compression] is already optimised’ (DACCS Expert 18). Another 

expert perceived a fundamental design problem: ‘DACCS [will be] 
locked in a certain technological design space due to sorbent’ (DACCS 
Expert 4). These factors are expected to constrain the minimum to 
certain ranges below which the costs cannot feasibly go.

Looking at the uncertainty within experts, Table  6 shows the 
average width of the min-max ranges of the costs throughout the 
decades and its relative percentage changes. It is important to note that 
these figures are not actual costs but the average difference between 
the minimum and maximum. A greater width indicates less expert 
agreement on the costs and a positive percentage change indicates 
increasing uncertainty for that cost item. These figures show that, on 
average, the five experts who only answered the total cost question 
provide wider ranges than those that also answered the cost 
breakdown questions.

Looking at the evolution in uncertainty over the years, the 
percentage changes of the total costs decrease compared to the 

FIGURE 2

DACCS total cost ranges in 2030, 2040 and 2050. DACCS total cost range and best estimate evolution of five selected experts in 2030, 2040 and 
2050.

TABLE 5 DACCS costs min-max range of selected experts for 2030, 2040 and 2050.

DACCS total 
costs min-max 
range (€/tCO2)

Min  
(Expert 14)

Min  +  1  
(Expert 10)

Median  
(Expert 18*)

Max  −  1  
(Expert 11*)

Max  
(Expert 15)

2030 75–150 47–250 380–581 440–1,370 660–1,540

2040 75–150 83–225 282–581 389–1,370 420–980

2050 75–150 118–200 230–580 341–1,355 150–390

A star indicates experts that provided a breakdown of the costs.

TABLE 4 DACCS total cost best estimates of selected experts for 2030, 2040 and 2050.

DACCS total 
costs BE (€/tCO2)

Min (Expert 14) Min  +  1  
(Expert 10)

Median  
(Expert 18*)

Max  −  1  
(Expert 11*)

Max  
(Expert 15)

2030 100 149 467 921 1100

2040 100 154 379 786 700

2050 100 159 307 661 300

A star indicates experts that provided a breakdown of the costs.
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breakdown costs. The increase in uncertainty when experts provide a 
cost breakdown of the technology can be due to two factors. First, it 
could stem from a difference of opinion: the five experts that did not 
provide a cost breakdown could be cost optimists and be certain of a 
strong reduction in costs. Second, providing a breakdown of the costs 
could lead to an overhead or a “safety-range” that is added to all cost 
items, leading to an average increase of the range width over the years. 
To conclude, these results could suggest that experts that provide a 
cost breakdown agree more on their answers and know that they 
cannot predict the far future as well as the near future.

To summarize, the trajectories and uncertainty in DACCS costs 
point to the following results. First, higher costs in 2030 seem to lead 
to an increase in expert uncertainty while experts with lower starting 
costs seem to be more confident. Second, experts which provide a cost 
breakdown seem to agree more on the min-max interval (smaller 
ranges) and are less certain of future costs (increasing 
percentage change).

5.1.2 BECCS costs uncertainty
For BECCS, 13 experts were interviewed in total, 9 experts 

provided total costs and 6 of those were able to also break the costs 
down into different items. Figure 3 shows the trajectory of expert total 
costs, min-max ranges and best estimates in 2030, 2040 and 2050. 
Expert 1 did not answer the cost questions and is not included in the 
graphs. Expert 4 expected efficiency levels and (high) TSM costs to 
remain fairly constant over time and has a min-max range that is the 
same as the best estimate in 2030 and 2040.

Particularly when compared with DACCS, there is widespread 
agreement over the min-max ranges of the total costs as seen by the 
overlapping intervals (Figure 3). Unlike DACCS, we cannot state that 
the higher the costs, the larger the min-max interval due to the small 
sample size.

Expert 2 shows an interesting behavior. For this response, the 
min-max range is relatively narrow in 2030 before widening in 2040 
and 2050. This expectation appears to be based on the belief that 
deployment costs ‘depend on where you put the BECCS… [project 
developers] would go to the optimal [sites] ones first… [then] smaller 
unit [deployments will be] situated in more remote places which are 
more expensive’ as they are located further from CO2 transport and 
storage infrastructure and feedstock supply chains.

For BECCS, some experts appear to disagree with the starting 
costs. Experts 4, 10, 11 and 13 have 2030 costs that sit above the 
reference value which was considered too low. Expert 13, for instance, 
commented that ‘the more recent MONET results… [in] lots of model 
changes [and] less conservative numbers’ and asserted that the 
existence of ‘so many different BECCS systems… [gives rise to] lots of 
different cost profiles’. Importantly, while for DACCS all of the experts 
responded based on the assumptions provided, in the case of BECCS, 

extensive conversations were had with experts on the system 
assumptions and costs. The complexity of BECCS lies not in the 
technology itself but in the case-by-case deployment thereof. Each 
expert has a specific feedstock, supply chain, plant location, furnace 
type and energy production that they are accustomed with. Imposing 
a reference plant configuration on experts was in many cases 
prohibitive. For this reason, not only were the feedstock assumptions 
dropped, but as most experts were based in Europe, they were also 
told to answer the questions with either the Drax or Stockholm Exergi 
plant in mind. That way, experts could choose the plant configuration 
that they were the most familiar with to answer the questions. Due to 
this disparity, the obtained cost ranges could contain varying 
underlying system assumptions that lead to some unavoidable 
differences that can undermine comparability.

As with DACCS, five BECCS experts were selected based on their 
best estimate and their trajectories were analyzed in detail. For 
BECCS, experts 6, 7*, 8, 11* and 10 were selected as the smallest, 
second smallest, median, second largest, and largest best estimates, 
respectively. An asterisk indicates that experts 7* and 11* also 
provided a breakdown of the costs. Table 7 shows the best estimates 
and Figure 4 and Table 8 show the evolution of the ranges over time. 
Interestingly, all best estimates decrease over time, except for expert 
11*. The reasoning behind this is that capex and opex do not decrease 
and feedstock costs increase over the years due to higher competition 
for waste material.

For four of the five experts, the cost ranges shift towards lower 
costs over the years. Expert 6 believes that the minimum achievable 
costs stay constant over time. According to this expert, ‘You start by 
integrating CCS into existing CHP plants… use the feedstock from 
today: woodchips from the pulp industry’, which are only integrated 
by the energy sector later. Furthermore, ‘the way to get started would 
be to make it in smaller scale at the beginning, then you will have high 
costs… [then see] costs go down with larger plants.’ (BECCS Expert 
6) Expert 7* first sees an increase in the minimum costs and later a 
decrease. The initial increase in minimum costs is due to an increase 
of capex between 2030 and 2040. As mentioned previously, an increase 
in costs is not unlikely for a new technology. The increase in maximum 
costs between 2040 and 2050 is caused by a reduction in energy 
revenues that is higher than the combined decrease of capex and TSM 
costs for the same period. Despite the forecasted increase in feedstock 
costs, which are linked to both forestry and adapted crop requirements, 
Expert 8 predicts a constant decrease in BECCS costs over the decades 
and expects that increasing deployments will give ‘time to iron out 
[problems], reduce costs and benefit from learnings’. By contrast, 
Expert 10 does not believe there will be much deployment between 
now and 2030 because of the time and scale needed to setup new 
deployments: ‘it takes seven years to build a 500 MW plant’. According 
to this expert, ‘co-generation with heat and power… [yields] different 

TABLE 6 DACCS min-max range width average across experts in €/tCO2 (the percentage change for each decade is provided in parentheses).

DACCS min-
max average 
width  
(€/ton CO2)

Total costs  
(18 experts)

Breakdown costs 
(13 experts)

Capex Opex H&F TSM

2030 246.46 202.92 45.68 43.60 106.11 7.53

2040 218.58 (−11%) 201.28 (−0.8%) 45.45 (−0.5%) 45.45 (+4.2%) 102.48 (−3.4%) 7.90 (+4.9%)

2050 195.81 (−10%) 205.79 (+2.2%) 45.67 (+0.5%) 48.10 (+5.8%) 103.40 (+0.9%) 8.62 (+9.1%)
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FIGURE 3

BECCS total costs ranges. BECCS total costs estimates with minimum, maximum, and best estimate of each expert in €/tCO2. Figures are given for 
2030, 2040 and 2050. Best estimates are the blue dots, and the 2020 total cost is shown by the red line. Dashed lines show the average min and max 
ranges. Note that our Expert 1 was only able to provide scalability estimates and not costs so we do not include Expert 1 in these figures.
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qualities of energy… [but] the average fleet of BECCS plants will not 
change much’. Therefore, this expert expects most of the cost 
reductions will to in the capex and to a lesser extent in the feedstock 
costs. Additionally, it is interesting that both experts 6 and 10, which 
have the smallest and largest ranges, show increasing confidence over 
time. This behavior is at odds with the common assumption that 
future values are more uncertain.

Finally, Expert 11* shows a min-max range that shifts towards 
higher costs, and which becomes wider over the years. As mentioned 
before, this increase in costs is largely due to increasing feedstock costs 
which, despite increasing energy revenues and decreasing TSM costs, 
leads to an overall increase of costs. Because these dynamics happen 
simultaneously, this expert asserted that the widening ‘minimum and 
maximum ranges show the variety of costs you can have’.

Table 9 portrays the uncertainty evolution of BECCS costs by 
showing the average min-max ranges for the total costs and the cost 
breakdown items. Again, a wider span indicates less expert agreement 
on the costs and a positive percentage change indicates increasing 
uncertainty for that cost item.

For BECCS, the total cost intervals are on average larger than the 
ones from those who offered the breakdown costs. This again shows a 
higher agreement for experts providing a costs breakdown. The 
increasing ranges for the total cost of breakdown show that on average 
experts become less confident of their answers over the decades. This 
increasing uncertainty reflects what one expects in general from 
technology estimates but in the case of BECCS could also reflect the 

case-by-case deployment of the technology, and hence the high 
intrinsic uncertainty.

There is not only a clear increase in uncertainty for TSM costs but 
also a significant difference between these costs for DACCS and 
BECCS respondents. These differences may reflect the fact that 
DACCS plants are newbuilds which can be located right next to a 
storage site, reducing the transport distance and total infrastructure 
investment needed whereas BECCS plants are less modular and must 
be fully integrated within the existing energy system. For instance, 
while ‘optimizing of location will be  much more important [for 
driving down DACCS costs] (DACCS Expert 9) and ‘DACCS can 
be  utilizing flexibility [of location]’ (DACCS Expert 5), experts 
expected that ‘smaller [BECCS] units which are situated in more 
remote places will be more expensive’ (BECCS Expert 2). This could 
lead to longer transport routes to the storage sites and higher costs. 
Most experts stated that this supporting infrastructure is crucial, and 
its development will greatly depend on the government and 
consortium’s willingness to invest. Experts also believe that a large part 
of this investment will happen between 2030 and 2040. Any differences 
between BECCS and DACCS TSM costs may also reflect the 
composition of the experts recruited for each technology and the 
small sample size for BECCS.

To summarize, BECCS experts tend to be less confident in costs 
than for DACCS. They believe that future costs depend on many 
different parameters and that overall, the uncertainty of BECCS costs 
should grow in the future. Finally, the cost breakdown leads to more 

TABLE 7 BECCS total cost best estimates of selected experts for 2030, 2040 and 2050.

BECCS total 
costs BE (€/
tCO2)

Min (Expert 6) Min  +  1  
(Expert 7*)

Median (Expert 8) Max  −  1  
(Expert 11*)

Max (Expert 10)

2030 150 158 172 283 350

2040 140 152 155 287 275

2050 120 147 100 303 200

A star indicates experts that provided a breakdown of the costs.

FIGURE 4

BECCS total cost ranges in 2030, 2040 and 2050. BECCS total cost range and best estimate evolution of five selected experts in 2030, 2040 and 2050.
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optimistic cost ranges than the total costs. In some extreme minimum 
cases, experts place the cost of BECCS below €100/tCO2.

5.1.3 Costs uncertainty discussion
The previous section discussed the uncertainty surrounding 

DACCS and BECCS costs. Notable findings are that for DACCS, high 
costs are associated with higher uncertainty and rate of change over 
time. For BECCS, experts that offered a cost breakdown provided more 
optimistic ranges than those who only offered total cost estimates. 
Collectively, our results pertaining to both technologies suggest that 
experts that provide a cost breakdown tend to suggest narrower ranges.

Finally, the total costs for DACCS might indicate a degree of 
overconfidence bias as ranges become narrower over time whereas 
this effect disappears in the cost breakdown. In contrast, there appears 
to be no clear overconfidence bias for BECCS. This can be explained 
by the difference in complexity of the two technologies as DACCS 
technology is still undergoing significant development and various 
novel processes are under consideration or could emerge over time. It 
might be difficult to reflect the full complexity of the technology in a 
single total cost metric because the technology could take on a very 
different form in the next decade.

5.2 Cost best estimates

The following section presents the best estimates for DACCS and 
BECCS total costs in 2030, 2040 and 2050. Figure 5 shows the best 
estimates of all experts for DACCS and BECCS in 2030, 2040 and 
2050. It is apparent that DACCS cost estimates, which span over two 
orders of magnitude, vary much more widely between experts 
compared to BECCS estimates, which fall within the same order 
of magnitude.

DACCS expert 10 is the only expert for either technology that 
expects costs to (slightly) increase. As mentioned before, this expert’s 
reasoning is that the technology cannot achieve any lower minimum 

costs because although ‘it is very likely that innovation in DACCs… 
[reduces] capex and opex costs… optimal sites [become scarce with 
upscaling]. For BECCS, the results for experts 2 and 11 show 
interesting behaviors. They both believe that the costs will increase 
between 2030 and 2040 and stay constant or, respectively, increase by 
2050. The reason for this is the existing gap between early cost-
effective projects and later more expensive projects as BECCS projects 
developers ‘would go to the optimal ones first’ (BECCS Expert 2) and 
‘we [need to] factor in increasing feedstock costs’ (BECCS Expert 11).

This sort of dip has been found previously in other technologies 
such as flue gas desulphurization (FGD) as described by Rubin 
et al. (2015).

Table 10 shows the average of the best estimates. The BECCS 
results suggest that, on average, experts expect a higher starting cost 
in 2030 than the 2020 reference cost and a gradual cost reduction 
thereafter over the following decades. DACCS results suggest that, on 
average, DACCS costs will decrease more steeply in the coming 
decades than BECCS. Despite the narrowing between the two costs, 
however, DACCS costs are expected to be 83% higher than BECCS 
costs by 2050.

In summary, experts posited various reasons for expecting that 
DACCS costs will decrease; fabrication costs will fall due to economies 
of scale and process optimization (DACCS Experts 6, 9, 13, 14, 15 and 
19), including the development of more efficient and less costly 
sorbents (DACCS Experts 5, 7, 9 12, 19, 20 and 21). In addition, the 
ability to ‘integrated DAC with all renewables’ (DACCS Expert 16), 
where costs are also falling, ‘should [make DACCS] energy prices go 
down’ (DACCS Expert 17). While BECCS costs are also expected to 
decrease, the cost reductions are not of the extent envisioned for 
DACCS. One expert said ‘you can have renewable (free) energy next 
to the system to avoid the grid (DACCS Expert 5). Some experts 
firmly believe that BECCS costs will increase in the coming decades 
due to increasing running costs of up- and down-stream operations 
(BECCS Expert 5, 7, 11 and 13). BECCS is currently the far cheaper 
technology of the two, but for deployment at scale, ‘we need a lot of 

TABLE 8 BECCS costs min-max ranges of selected experts for 2030, 2040 and 2050.

BECCS total 
costs min-max 
range (€/tCO2)

Min (Expert 6) Min  +  1  
(Expert 7*)

Median (Expert 8) Max – 1  
(Expert 11*)

Max (Expert 10)

2030 80–200 105–273 150–250 225–340 250–400

2040 80–170 120–212 135–225 208–375 200–350

2050 80–160 103–217 80–200 202–434 175–250

A star indicates experts that provided a breakdown of the costs.

TABLE 9 BECCS min-max range width average across experts in €/tCO2 (the percentage change for each decade is provided in parenthesis).

BECCS min-
max 
average 
width  
(€/ton CO2)

Total costs 
(9 experts)

Breakdown 
costs  

(6 experts)

Capex Opex Feedstock Revenues TSM

2030 111.52 96.27 65.16 13.59 41.04 −56.03 32.51

2040 133.42 (+20%) 134.10 (+39%) 73.42 (+12%) 17.54 (+29%) 57.04 (+39%) −66.16 (+18%) 52.26 (+60%)

2050 143.35 (+7.4%) 154.31 (+15%) 85.42 (+16%) 19.43 (+11%) 82.22 (+44%) −89.28 (+35%) 56.52 (+8.2%)
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investments, transport networks and preparation of sequestration 
sites’ (BECCS Expert 5). Additional investments will also be needed 
to distribute any biomass energy that is generated (BECCS Expert 9). 
While the former costs would also be incurred for DACCS at scale, the 
potential for location-independent sourcing of CO2 means that 
capture facilities can be  located near renewable energy sources, 
thereby avoiding costly infrastructural and regulatory challenges that 
are associated with transporting biomass for powering BECCS.

5.2.1 Costs best estimates discussion
To summarize, the nominal difference between DACCS and BECCS 

costs can be explained by differences in both technology and perceptions. 
DACCS is a more novel technology which can still undergo significant 
improvements, which is especially visible in expectations about 
decreasing operational costs arising from sorbent improvements and 
novel materials. BECCS, on the other hand, uses common industrial 
processes with lower current costs, but also has limited room for 
improvement. The results confirm that the learning rate between 2020 
and 2050 is significantly higher for DACCS than for BECCS.

Interestingly, both technologies are highly dependent on the 
evolution of power markets. For DACCS, energy represents about a 
third of its total costs and experts hope that an expanding role for 
renewables in the energy grid will lower costs. For BECCS, as a power 
producer, the market price of feedstocks and energy influences plant 
revenues. BECCS power production, however, could be a strategic 
advantage for the technology in the future. Some of the experts 
we interviewed suggest that, by providing baseload power, BECCS 
could help stabilize a more volatile green grid. One expert, for 

example, described this potential as ‘energy gain’ (BECCS Expert 5); 
another expert noted that different ‘possibilities’ are raised by the 
‘co-generation with heat and power’ (BECCS Expert 10).

By way of a benchmark, over the course of 2022 and 2023, prices in 
the EU Emissions Trading Scheme (ETS) approached or even exceeded 
€100/t on several occasions. For BECCS, three of twelve experts believe 
that BECCS costs will reach at least €100/t or lower by 2050. For DACCS, 
seven out of eighteen experts believe that total DACCS costs will 
be below €200/t in 2050 and only one of them places the costs at €100/t. 
This again shows that, despite the relative improvements, DACCS is 
expected to remain a relatively costly technology. Improving the current 
processes or subsidizing the technology will require heavy investments, 
large subsidies or technological breakthroughs.

5.3 Scalability under different policy 
scenarios

Unsurprisingly, a more ambitious global decarbonization scenario 
is expected to lead to higher levels of deployment of both DACCS and 
BECCS. However, the specific results are less intuitive. Figure 6 shows 
the DACCS potential scale trajectories for 2030, 2040 and 2050 from 
all experts. The graphs on the left show the responses under the STEPS 
policy scenario and the ones on the right show those under the NZE 
policy scenario.

The ranges provided by the experts shows that the two scenarios 
are associated with different behaviors. In STEPS 2030, four experts 
believe that the minimum scale (measured in MtCO2/year) is zero, 

FIGURE 5

DACCS and BECCS total costs estimates. DACCS and BECCS total cost estimates by experts in 2030, 2040 and 2050.

TABLE 10 Average DACCS and BECCS total costs and the decadal learning rate.

Total costs (€/
tCO2)

DACCS Learning rate BECCS Learning rate

2020 (ref) 581 172

2030 494 −15% 205 +19%

2040 395 −22% 183 −11%

2050 280 −27% (−52% since 2020) 153 −16% (−11% since 2020)
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with two of these experts expecting that this will still be the case in 
2040 and 2050. Under NZE 2030, two of the same experts believe the 
minimum scale is 0 while only one of them believes this for 2040 and 
2050. Overall, there is a clear increase in the potential scale under 
NZE, as the ranges shift to the right. Looking at STEPS and NZE range 
evolution over time shows that a clear majority of experts increase 
their ranges. In STEPS, expert 2 decreased their range and experts 14 
and 15 kept them unchanged. In NZE all experts increased their 
ranges over time. On average the ranges are narrower for STEPS than 

for NZE. This could indicate that experts tend to agree more on 
potential scale under STEPS than NZE. This could be because most 
experts agree that the possible scale attained under STEPS is limited 
because only voluntary market forces are at play. Additionally, the 
NZE scenario is less familiar and requires more stringent measures 
than the STEPS scenario.

As for the costs, the trajectories of selected experts are followed 
over time. As two different policy scenarios were used during the 
elicitations, five experts were selected once based on of their STEPS 

FIGURE 6

DACCS capture potential under two policy scenarios. DACCS potential scale under two policy scenarios in 2030, 2040 and 2050. Estimates with 
minimum, maximum, and best estimate of each expert in log(MtCO2) captured per year. Left graphs are the STEPS scenario, right graphs are the NZE 
scenario.
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2030 best estimates (1) and a second time based on their NZE 2030 
best estimates (2). Table 11 shows the obtained best estimates that 
span across the STEPS 2030 results and Figure 7 shows the trajectories 
of the best estimates and min-max ranges.

Figure 8 shows expert uncertainty ranges for BECCS deployment 
in Europe in 2030, 2040 and 2050. The graphs on the left show the 
ranges under the STEPS policy scenario and the ones on the right 
show the ranges under the NZE policy scenario. Of the 13 interviewed 
BECCS experts, experts 12 and 13 did not answer the potential scale 
questions and expert 3 only provided the best estimates. The NZE 
scenario leads to higher deployment scales in all three decades than 
the STEPS scenario. Compared to DACCS, BECCS ranges are 
narrower and overlapping, and there is no clear outlier in the results. 
All min-max ranges increase or stay constant for STEPS and NZE.

For STEPS, some experts stated that only the UK and Scandinavian 
countries would operate BECCS plants (BECCS Experts, 4, 5, 8 and 
9). One expert believes that only the currently developed DRAX and 
Stockholm Exergi projects would be operational as ‘there is no other 
funding [in the EU], only the Stockholm Exergi Project (BECCS 
Expert 3). A number of experts concur that Scandinavia is an ideal 
choice to develop the plants due to the large amount of waste that can 
be used from forest residues and the pulp and paper industry. One 
expert comments, for example, said that ‘pulp plants is the first portion 
[determinant of deployment capacity], not the energy sector’ (BECCS 
Expert 6). Sweden is predicted to assume about one third of European 
BECCS as the country has existing policies encouraging the 

deployment of the technology (but this can also be influenced by the 
overrepresentation of Scandinavian experts in our sample). Such 
considerations lead one expert to expect that by mid-century, all 
additional BECCS plants will be  located only in Sweden (BECCS 
Expert 2). Finally, strong opinions were expressed on the uniqueness 
of each BECCS project: experts made the following comments to 
describe this heterogeneity ‘all options/ plants are different’ (BECCS 
Expert 6) and ‘one of a kind… modular [projects]’ (BECCS Expert 
13). Experts therefore expressed strong beliefs that BECCS be treated 
on a case-by-case basis there is no one-size-fits all deployment 
strategy, which creates an expectation that NZE targets will not 
be met. While several experts emphasized the potential role for more 
effective policy to drive future deployment (e.g., BECCS Experts 3, 5, 
8, 11 and 12), the overall cautious or even pessimistic expectations 
about BECCS scalability suggest the need for exploring other negative 
emission technologies that can undergo large-scale deployment.

The trajectories of two different expert batches are shown below. 
These trajectories help understand the specific evolution of expert ranges 
that span throughout the obtained result range. Table 12 shows the best 
estimates of the experts selected based on their span of the STEPS 2030 
best estimates. Figure 9 shows the trajectories of these selected experts. 
Expert 3 provided only the best estimate and no min-max ranges.

Table  13 shows the average of the best estimates for the 
potential scale of DACCS and BECCS in Europe under STEPS and 
NZE for each year. In the first decade, DACCS is deployed more 
slowly than BECCS, before the trend reverses. For DACCS, the 

TABLE 11 DACCS potential scale best estimates of selected experts (1) under STEPS and NZE policy scenarios.

DACCS 
best 
estimate

Expert 4 (Min) Expert 17 (Min  +  1) Expert 14 (Median) Expert 6 (Max − 1) Expert 12 (Max)

MtCO2 /
year

STEPS NZE STEPS NZE STEPS NZE STEPS NZE STEPS NZE

2030 0 NA 0 0.1 0.5 2.5 2.5 25 5 5

2040 0 NA 0 0.5 5 25 6 35 30 200

2050 0 NA 0 1 50 250 15 350 180 800

FIGURE 7

DACCS potential scalability ranges under STEPS and NZE in 2030, 2040 and 2050.
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assumptions under the STEPS scenario lead to a linear increase 
up to 39.5 MtCO2 captured per year. The expected development 
under the NZE scenario, however, involves a sharp increase in the 
2040s, leading to up to 353Mt CO2 captured per year. For BECCS, 
the NZE scenario leads to additional capture capacity, but the 
change is not as drastic as for DACCS. Under NZE the deployed 
scale would average 131 Mt. CO2 capture per year, not even half 
that of DACCS.

To summarize, the best estimates show that stringent climate 
policies are expected to result in larger capacity deployment for both 
DACCS and BECCS. Enabling policies have a particularly strong effect 
on the deployment of DACCS, with a sharp increase in the years 
leading to 2040. With the ongoing research and investment in that 
field, experts expect that a dominant design will be adopted by 2040. 
This would reduce DACCS costs and, combined with the modularity 
of the technology, would enable a quick scale-up of capacity. However, 

FIGURE 8

BECCS capture potential under two policy scenarios. BECCS potential scale under two policy scenarios in 2030, 2040 and 2050. Estimates with minimum, 
maximum, and best estimate of each expert in log(MtCO2) captured per year. Left graphs are the STEPS scenario, right graphs are the NZE scenario.
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the figures show that for this to happen, it is crucial to develop and 
implement the right policies.

5.3.1 Scalability discussion
In sum, our experts expect that under the NZE scenario, the 

average best estimate for the potential scale of DACCS is 353Mt CO2/
year, which is a ninefold increase from the STEPs estimate (39Mt 
CO2/year). By contrast, despite nominally lower costs, BECCS 
struggles to achieve similar scales in 2050, reaching an average 
capture capacity of 131Mt CO2/year under NZE and 36Mt CO2/year 
under STEPS, which amounts to less than a fourfold increase. Of 
course, any comparison of the DACCS and BECCS expert elicitations 
must be  treated with caution since they involve two distinct and 
independent groups of experts.

The NZE scenario is associated with substantially higher 
deployment of both technologies, but the average estimated combined 
capacity of DACCS and BECCS in the expert elicitations for 2050 
amounts to only about a quarter of the CO2 removals that the IEA 
envisions would be  needed in its NZE scenario (1.9 GtCO2). This 
reinforces the view expressed by several experts that ‘a suite of 
technologies will’ (DACCS Expert 12) be  needed to meet net-zero 
ambitions. Alongside the higher expected deployment for both 
technologies under the NZE scenario, the uncertainty associated with 

these estimates is also higher. As one expert puts it, ‘Huge uncertainty 
[exists] because what will be done has a range of technologies available… 
depends on policymakers’ (BECCS Expert 8). Although the most 
conservative DACCS estimates the risk that DACCS will not 
be deployed at all, expert projections suggest that this technology shows 
promising deployment scale under NZE with the confidence interval 
maxima reaching up to 1Gt CO2/year captured in 2050. Most experts 
concurred that the deployment levels of both technologies depend on 
the successful implementation of early plants and that this requires 
negative emission technologies to be clearly defined in European policy 
frameworks. Hence, the prospects of future deployment were described 
as ‘contingent on EU policy decisions’ (DACCS Expert 1), particularly 
regarding the development of regulations around ‘who is paying for 
what’ (DACCS Expert 10), especially ‘in the EU, when it is not the ideal 
place to develop it [CCS-based NETs due to] energy costs and proximity 
to storage…’ (DACCS Expert 13). As one expert put it, ‘the EU 
Commission should not think in terms of stated policies, but in terms 
of policy reform’ (BECCS Expert 11). For the STEPS scenario, the most 
conservative estimates (i.e., the minimum of the confidence interval) for 
BECCS deployment shows a higher potential scalability compared to 
DACCS. However, BECCS shows a maximum deployment scale that 
remains limited to around 0.3Gt CO2/year captured in both scenarios. 
We found higher uncertainty for the scalability of BECCS, which can 

TABLE 12 BECCS potential scale best estimates of selected experts under STEPS and NZE policy scenarios.

BECCS best 
estimate

Expert 5 (Min) Expert 9 (Min  +  1) Expert 7 (Median) Expert 3 (Max – 1) Expert 4 (Max)

MtCO2 /
year

STEPS NZE STEPS NZE STEPS NZE STEPS NZE STEPS NZE

2030 0.1 35 0.8 11 2 5 8.8 10 33 33

2040 0.3 93 0.8 40 10 75 8.8 155 66 66

2050 15 150 0.8 178 75 150 8.8 300 132 132

FIGURE 9

BECCS potential scalability ranges under STEPS and NZE in 2030, 2040 and 2050.
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TABLE 13 Average of capacity best estimates for DACCS and BECCS technologies under STEPS and NZE.

Average capacity (MtCO2/y) DACCS BECCS

STEPS NZE STEPS NZE

2030 0.88 5.78 5.46 11.31

2040 5.82 (+561%) 86.04 (+1389%) 16.27 (+198%) 64.14 (+467%)

2050 39.49 (+579%) 353.27 (+311%) 36.16 (+122%) 131.10 (+104%)

be  due to the need for one-of-a-kind plants and local 
supporting infrastructure.

6 Conclusion

The results of our study imply the following conclusions about our 
key research questions over the change in cost uncertainty over time 
and learning rates. We  find that for both DACCS and BECCS 
technologies, cost uncertainty increases over time. We also find the 
learning rate for DACCS tends to be  higher than for BECCS. In 
particular, experts expect operational costs for DACCS to decline 
more sharply than BECCS costs. It is likely that higher learning rates 
associated with DACCS stem from the novel status of the technology 
and potential for larger improvements.

This study provides valuable insights into the future of DACCS 
and BECCS technologies in Europe. The experts’ quantitative inputs, 
supported by their judgement of the factors that influence the field, 
shed light on the cost uncertainties of these technologies. In the 
interest of achieving a nuanced understanding of expert perceptions, 
our analysis is based on in-depth insights provided by a select group 
of 34 experts, prioritizing depth of insight over statistical 
representativeness. Consequently, the generalizability of our results is 
inherently limited, and we cannot presuppose that a larger or different 
cohort of experts would necessarily concur with the findings 
presented. The discussion that follows is purely our interpretation of 
the insights garnered from the 34 experts interviewed through this 
research effort and does not purport to extend beyond the specific set 
of experts consulted in this study.

6.1 Costs

Although DACCS total costs exhibit decreasing uncertainty over 
time, the cost breakdown displays increasing uncertainty. This could 
be a reflection of the difficulty of grasping the full complexity of the 
technology in one total cost metric arising from the potential of the 
technology to take on a vastly different form in a relatively short time 
period. Additionally, DACCS involves an energy intensive process and 
therefore depends on energy prices. The current geopolitical climate 
does not favor energy cost certainty and the experts which provided 
the cost breakdown found it hard to speculate on this cost item. 
DACCS experts were confident that in the future new and better 
materials as well as economies of scale would lower the costs of the 
technology, but overall, the uncertainty of European energy prices 
remains a hurdle to the deployment of the technology.

BECCS costs show growing uncertainty over time due to the unique 
aspect of each plant development. BECCS plants are developed as a 
one-of-a-kind plant, with specific up- and down-stream supply chains, 
leading to high uncertainty. As for DACCS, the energy revenue of BECCS 

is linked to European energy prices and hence, uncertain. However, the 
revenues obtained through energy sales help make the technology 
financially attractive and BECCS is consistently cheaper than DACCS, 
with some extreme minimum cases attaining costs below €100/tCO2.

Overall, our experts expect BECCS costs to decrease in the 
coming decades but not as dramatically as DACCS costs. On average, 
by 2050, DACCS reaches costs of €280/tCO2 and BECCS costs of 
€153/tCO2. Despite being the cheaper technology, large-scale BECCS 
deployment would require both significant investment and 
international coordination for regulating relatively diverse plants, 
sourcing and transporting biomass upstream and distributing biomass 
energy downstream. By contrast, by facilitating location-independent 
sourcing of CO2, DACCS avoids some of the transport and regulatory 
challenges that are encountered for powering BECCS at scale and 
regulating potential biomass energy generation. However, some 
experts believe that by providing baseload power, BECCS could 
be strategically positioned to help stabilize a volatile green energy grid 
and, unlike DACCS, could accrue revenues from power generation 
rather than consuming vast amounts of electricity.

To conclude on the cost best estimates, our experts expect that the 
major cost reductions will be driven by economies of scale, process 
optimization and energy cost reductions. As the costs of both 
technologies are linked to European energy prices, policymakers must 
prioritize securing a stable green energy grid to reduce the uncertainty 
arising from the energy prices of these technologies.

6.2 Scalability and policy implications

This study highlights the need to understand the nature and sources 
of uncertainty surrounding key emerging climate technologies for 
reaching realistic assessments about the potential of CDR to achieve 
climate neutrality. Our results show that expectations about costs vary 
widely and tend to expand with increasing time horizons. As discussed 
above, past research (e.g., Grant et al., 2021) shows that experts that hold 
different expectations about costs of CDR options tend to hold different 
expectations about deployment scales. While the IEA (2021) identifies 
NZE-compliant DACCS and BECCS deployment scales for each decade, 
no such cost targets have been stipulated beyond the $100/tCO2/year 
removal industry target for advanced economies. Nonetheless, it is 
possible to explore the scalability implications of our cost uncertainty 
analysis by comparing the average cost and deployment estimates 
provided by our experts with the decadal cost and deployment estimates 
from recent IEA tracking data as summarised in Table 14 (Sources for 
tracking data are specified in the Table caption).3 The average 2030 

3 Unless specified otherwise, the present discussion considers the scalability 

estimates that experts predicted in relation to the STEPs scenario.
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DACCS cost estimated by our experts is significantly (approximately two 
to ten-fold) higher than current IEA tracking data (that does not assume 
the existence of a carbon price). While our average 2030 DACCS 
scalability estimate is more optimistic than the equivalent IEA projection 
(0.88 versus <0.01 Mt./CO2/year respectively), this is still significantly 
lower than the NZE target for that decade (85 Mt./CO2/year). Although 
the gap between expected DACCS costs and deployment predicted by 
our experts and the NZE scenario narrows by mid-century, our experts 
expect that DACCS costs will be four-times higher than current IEA 
tracking projections suggest and deployed at less than half of the scale 
predicted by IEA tracking – around a quarter of the scale needed to 
be NZE-compliant.

Compared to DACCS, our experts’ expectations about BECCS are 
relatively more pessimistic. By 2030, our BECCS costs are expected to 
be  significantly higher (around two- to twenty-fold) than those 
predicted by IEA tracking, which is more than twice as high as the 
NZE industry target. While a lack of decadal data obstructs our 
comparison with tracking and NZE estimates beyond 2030, it is 
striking that despite expected declining costs and increasing 
deployment, our experts predict that throughout the 2030s to 2050s, 
BECCS deployment relative to NZE targets will be  significantly 
insufficient—around one 36th of the scale needed to reach negative 
emissions by mid-century.

Moreover, it is striking that even when experts were asked to 
estimate scalability under the NZE scenario (see separate NZE 
estimates presented in parentheses in Table 14), the scalability of both 
technologies were still only a fraction (around a third for DACCS and 
tenth for BECCS) of the levels required to reach net zero by 
mid-century.

In conclusion, our experts expect that DACCS and BECCS costs 
will be  even higher (and deployment scales lower) than those 
predicted by recent IEA tracking. While, relative to NZE requirements, 
DACCS scalability is assessed more favorably than BECCS, our 
experts’ wide uncertainty ranges suggest that current IAM projections 
about the scalability of these technologies are likely to be  more 

optimistic (closer to NZE targets) than is actually feasible. Better 
understandings about the uncertainty surrounding costs, particularly 
in relation to the distant future, would significantly improve 
projections about the relative role and scalability of different CDR 
options and other technologies and processes within the wider 
portfolio of climate policy options and ultimately assist policymakers 
design effective legislation for meeting decarbonization and net 
zero targets.

6.3 Future research

The results and insights gathered in this work present a 
preliminary assessment of the uncertainty of future costs of DACCS 
and BECCS technologies. Our study focuses on both shorter and 
longer-term technology evolution from 2030 to 2050. In so doing, 
we  provide a first understanding of selected expert views on 
parameters which influence future emission scenarios and European 
wide policies.

As a first effort, the scope of this study was inevitably limited. In 
the process of conducting the study we  identified a number of 
extensions or additional angles that could be  explored by 
future research.

 1) It would be  helpful to find experts who would be  able to 
appraise multiple options at the same time, which would allow 
for direct comparison of options. Additionally, ensuring that 
more industry experts are represented is crucial in building an 
accurate view of the challenges developers face.

 2) Finally, this research could be extended along other geographical 
and sectoral dimensions. We focused primarily on Europe, but 
other regions such as North America, where important carbon 
capture clusters and supporting policies are being developed 
would also benefit from expert elicitation analysis. We could 
also extend the study to explore uncertainty surrounding the 

TABLE 14 Comparison of our cost and scalability estimates with IEA tracking and NZE scenario goals.

Year Our analysis IEA tracking estimates NZE scenarioe

Costa Scaleb Costc Scaled Cost Scale

DACCS

2030 494 0.88 (5.78) 45.50 to 199.78 (without carbon price)

−81.73 to 131.67 (with carbon price)

0.01< 90.74 (industry target for 

advanced economies)

85

2040 395 5.82 (86.04) 620

2050 280 39.49 (353.27) 45.50 to 154.35 (without carbon price)

−81.95 to 22.70 (with carbon price)

75 980

BECCS

2030 205 5.46 (11.31) 9.08 to 77.16 50 90.74 (industry target for 

advanced economies)

190

2040 183 16.27 (64.14) 900

2050 153 36.16 (131.10) 1380

Cost estimates are given in Euros/ tCO2 (USD estimates were converted to Euros using 2023 exchange rates), scale estimates are MtCO2/year.
aAverage total costs per decade from Table 8.
bAverage best capacity estimates under the STEPs and NZE (in parentheses) scenarios from NEGEM deliverable 5.4.
cDACCS = Estimated large-scale applications in Europe from IEA (2021) ‘DAC: A key technology for net zero special report’, BECCS = IEA (2020) special report on CCUS in clean energy 
transitions.
dIEA Clean Energy Progress Tracker (2023). Available at: https://www.iea.org/reports/tracking-clean-energy-progress-2023.
eIEA (2021) Special Report on Net Zero by 2050.
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supporting infrastructure such as infrastructure companies that 
develop the transport routes from carbon capture to carbon 
storage sites and the carbon storage companies including oil and 
gas companies or companies that specialize in carbon storage. 
Improving understandings of the challenges and uncertainties 
that these companies face is crucial for developing a robust 
carbon capture supply chain.

 3) Relatedly, similar analyses could be conducted with experts 
from industrializing economies, which are increasingly 
emerging as critical for hosting or funding CDR (e.g., Peters 
and Geden, 2017; Pozo et al., 2020). At scale deployments in 
these countries are likely to encounter both similar (e.g., 
infrastructural, resource needs) and different (e.g., social/ 
ethical acceptability, fragile energy system, poor energy access) 
challenges to those identified by our European experts. 
Therefore, expert perspectives from developing economies 
would yield valuable insights into the wider global 
infrastructural and social acceptability challenges that are likely 
to arise under climatically-relevant deployment.
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