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Direct air capture (DAC) technologies are promising but speculative. Their prospect as

an affordable negative emissions option that can be deployed in large scale is particularly

uncertain. Here, we report the results of an expert elicitation about the evolution of

techno-economic factors characterizing DAC over time and across climate scenarios.

This is the first study reporting technical experts’ judgments on future costs under

different scenarios, for two time periods, for two policy options, and for two different DAC

technologies. Experts project CO2 removal costs to decline significantly over time but to

remain expensive (median by mid-century: around 200 USD/tCO2). Nonetheless, the role

of direct air capture in a 2◦C policy scenario is expected to be significant (by 2050: 1.7

[0.2, 5.9] GtCO2)
1. Projections align with scenarios from integrated assessment model

(IAM) studies. Agreement across experts regarding which type of DAC technology might

prevail is low. Energy usage and policy support are considered the most critical factors

driving these technologies’ future growth.

Keywords: negative emission, expert elicitation, cost, uncertainty, policy, direct air capture

1. INTRODUCTION

According to the Special Report on Global Warming of 1.5◦ C (SR1.5) by the Intergovernmental
Panel on Climate Change (IPCC), achieving climate targets such as those outlined in the Paris
agreement, requires a fast transition of energy and economic systems to renewable, clean, and
sustainable alternatives as well as substantial deployment of carbon dioxide removal (CDR)
technologies (Allen et al., 2019). Across future socioeconomic pathways andmodels, most scenarios
staying well below 2◦C by the end of the century require net-zero greenhouse gas (GHG) emissions
mid-century and negative aggregate emissions after that (Rogelj et al., 2018). Carbon dioxide
removal, which is essential to achieve these objectives, includes a wide range of terrestrial and
ocean-based technologies from bio-energy with carbon capture and storage (BECCS) (Azar et al.,
2010), to direct air capture (DAC) (Socolow et al., 2011), and indirect ocean capture (IOC)
(de Lannoy et al., 2018).

However, the technologies’ effectiveness in permanently removing GHG emissions from the
atmosphere depends on how system boundaries are defined and differ substantially across different
negative emission technologies (Tanzer and Ramirez, 2019). Furthermore, the scale of carbon

1Throughout this paper, we report the median estimate and the uncertainty range for the estimated values asM [L, U] where

M is the median and L and U are the 10th and 90th percentiles, respectively.
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dioxide removal required to achieve climate targets of 1.5◦

and 2◦C is currently unproven. There is a wide range of
technical, environmental, social, and ethical risks associated with
such massive deployment (Fuss et al., 2014; Intergovernmental
Panel on Climate Change, 2018; Lenzi, 2018) with the required
spending estimated to reach up to a third of government general
expenditure in developed countries (Bednar et al., 2019). This
adds to existing uncertainties about the future cost and capacity
of CDR technologies (Waisman et al., 2019).

In recent years, DAC has attracted investors and policymakers’
attention to the point that it is now considered an appealing
CDR strategy. This is because of its potential capability of
reversing the increase in atmospheric CO2 concentrations by
directly removing CO2 from the atmosphere without substantial
interference in the energy, food, and water infrastructure (Smith
et al., 2016; Wilcox et al., 2017). There are currently two types
of DAC technologies in the commercial stage using either solid
sorbent or liquid solvent materials for capturing CO2 from the
ambient air.

DAC plants can be installed anywhere and can use various
types of energy input, making them an attractive solution
compared to other CDR methods such as BECCS, which face
stricter geographical constraints (Fridahl and Lehtveer, 2018).
However, to achieve net negative emissions, DAC technologies
need to be coupled with renewable energy sources such as
solar and wind (Breyer et al., 2019), limiting the feasibility of
DAC projects.

The National Academy of Sciences (NAS) report on negative
emissions technologies has provided the latest and most
reliable estimates for DAC technologies’ cost and capacities
(National Academies of Sciences Engineering and Medicine,
2019). Further assessment of DAC technologies reveals that
achieving net-zero emissions by mid century in the US alone
would require between 560 and 1,850 MtCO2 to be removed
by DAC technology and then permanently stored underground
annually (Larsen et al., 2019). However, there are only few
studies on techno-economic assessment of DAC technologies
(Keith et al., 2018; Azarabadi and Lackner, 2019; Fasihi et al.,
2019) and their potential contribution to mitigation efforts
(Realmonte et al., 2019; Fuhrman et al., 2020). These studies
have highlighted the sensitivity of DAC on techno-economic
assumptions and the pace and extent of capacity addition. All of
these assumptions are highly speculative, given the early stage of
technological development.

A structured expert elicitation can help narrow key
parameters and quantify uncertainties in the form of probabilistic
distributions that can be used in subsequent modeling analysis
of decarbonization pathways. Furthermore, the evolution of the
cost and capacity factors over time and across policies is missing
in DAC technologies’ current techno-economic assessments.
Although insightful, the quantitative results of expert elicitation
studies should be treated with caution. For example, between
2008 and 2011, several expert elicitation studies were conducted
to project the future solar photo-voltaic systems’ future costs
in 2030 (Curtright et al., 2008; Baker et al., 2009; Bosetti et al.,
2012; Verdolini et al., 2015). However, a recent study showed
that the actual price in 2017–18 was lower than the median

projections for 2030 (Nemet, 2019). Therefore, in addition
to providing the median projections, we have emphasized on
identifying the range of uncertainties in experts’ judgements and
have presented the results in the context of their background
policy scenarios.

In this paper, we report the results of an elicitation of 18
experts in negative emissions and direct air capture technologies
and the economic and policy issues. Expert elicitation studies
have been widely used to gauge uncertainty surrounding the
future costs of various energy technologies (Wiser et al., 2016;
Anadon et al., 2017; Thomas et al., 2017; Baik et al., 2020).
Our survey was designed to elicit information about DAC
technologies’ future in two future scenarios of climate change
policies; policy as usual (PAU) and a stringent climate policy
consistent with the 2◦C target (2DC).

Under each scenario, experts were first asked to choose
a technology that they thought will be the dominant DAC
technology in 2050. Then they provided the 10th, 50th, and 90th
percentiles of the cost and annual installed capacity of the chosen
DAC technology in the present (year 2020) and in the future
(year 2050). The current cost estimates of DAC technologies
vary based on the material used in the capturing process and
other assumptions about the capturing and regeneration units’
design. Therefore, they are subject to a wide range of uncertainty
(Socolow et al., 2011; Keith et al., 2018; Tollefson, 2018; National
Academies of Sciences Engineering and Medicine, 2019). For
all additional questions, experts were asked to provide further
information referring only to the PAU scenario and DAC
technology choice under this scenario.

1.1. DAC Technologies
Every DAC technology achieves the objective of capturing carbon
from the ambient air through two distinct phases: carbon dioxide
capture, and regeneration. First, a chemical is used to capture
carbon from ambient air and binds with it in a contactor. The
choice of the carbon capturing material is the key determining
factor in designing a DAC plant at this phase, as it can be either a
solid sorbent or a liquid solvent. During the regeneration phase,
captured carbon is separated from the binding chemical. The
regeneration process requires a substantial amount of energy in
the form of heat, electricity, pressure, or a combination of them
depending on the type of the material used in the capturing
process. After the removal of the CO2, the material will be
regenerated for reuse. At the same time, the captured CO2 is sent
out for storage or utilization (Sanz-Perez et al., 2016). Figure 1
represents the general setup of a DAC process with capture and
regeneration phases.

There are currently two main DAC technologies available
at the commercial stage, one liquid and one solid. The liquid
solvent system uses a hydroxide solution (NaOH or KOH) that
is highly binding and reacts quickly with the CO2 from the air to
form water and carbonate in the contractor. In the regeneration
unit, the carbonate is heated to about 900◦C to release a high-
purity CO2 gas that can be further processed for sequestration
and/or utilization (Socolow et al., 2011; National Academies of
Sciences Engineering and Medicine, 2019). Several designs and
materials have been proposed for this process (Baciocchi et al.,
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FIGURE 1 | A schematic DAC facility consists of two main phases: Capturing CO2 from the ambient air and then releasing it through the regeneration process.

2006; Zeman, 2007; Holmes et al., 2013; Li et al., 2015). Currently,
the only commercial liquid solvent-based plant uses potassium
hydroxide (KOH) and its techno-economic assessment has been
published in Keith et al. (2018).

The second technology uses solid sorbent materials that
require lower temperatures in the regeneration process (Beuttler
et al., 2019). Another advantage of this setup is its flexibility,
allowing a modular design to be scaled up easily. Like the liquid
solvent system, many different setups and materials have been
proposed for the literature’s solid sorbent system (Choi et al.,
2012; Kulkarni and Sholl, 2012; Sinha et al., 2017). However,
currently, only two companies are developing this technology at
a commercial scale (Gambhir and Tavoni, 2019).

Regardless of the type of the material used for capturing
carbon, the key factor in ensuring the successful net removal
of CO2 is integrating the DAC system with low-carbon energy
sources such as solar and wind for electricity and natural gas for
heat (Gambhir and Tavoni, 2019).

1.2. Future Climate Scenarios
The future growth of DAC technologies depends on the type
of climate change mitigation and adaption policies adopted by
the international community. These policy options range from
minimum efforts to curb greenhouse gas emissions to aggressive
decarbonization pathways that ensure the increase in global
mean temperature remains under 1.5◦ or 2◦C as outlined in the
Paris agreement (Rogelj et al., 2018). As climate policies become
more stringent and carbon budget becomes tighter, the need for
negative emission technologies increases (Anderson and Peters,
2016). In this survey, we consider two climate change scenarios
with different implications for the development and deployment
of DAC technologies:

1. Policy as usual (PAU): under this scenario future climate
policies would be coherent with efforts planned in the
Intended Nationally Determined Contributions (INDCs)
(Levin et al., 2015). Under the INDC commitments, and
excluding the climate neutrality targets which have been
announced after the elicitation took place, the global mean
temperature is likely to rise by 2.6–3.1◦ C by 2100 (Rogelj
et al., 2016). Future development of DAC technologies
under the PAU scenario will be mainly driven by factors
outside the direct government policy interventions, including

private sector R&D investments, emerging demand for carbon
utilization, and other market mechanisms.

2. Stringent climate policy consistent with the 2◦C target
(2DC): under this scenario coordinated international efforts
will reduce emissions in line with the long-term Paris
agreement goal of keeping global temperature rise well below
2◦C. According to the IPCC 1.5SR, this requires achieving
global carbon neutrality by 2050–60 (Intergovernmental Panel
on Climate Change, 2018). The 2DC scenario requires
deployment of negative emissions technologies especially to
achieve the climate targets after 2030 (Rogelj et al., 2016).
Future development of DAC technologies under this scenario
is therefore, directly affected by climate policies aimed at
reaching the 2◦C target and by competition with other
negative emission technologies or mitigation options.

Presenting the experts in our survey with these two very different
policy scenarios, has allowed us not only to provide a median
estimate of future cost and capacity of DAC technologies under
each scenario but also to compare these estimates and to draw
some insights from on how the experts foresee the role of DAC
technologies in shaping future climate policies.

2. MATERIALS AND METHODS

In our survey, we asked experts to provide judgements about
the future costs and capacity of these DAC technologies,
how their technical specifications will evolve, and what non-
technical barriers could prevent their diffusion. The survey
was designed, developed, and conducted according to expert
elicitation guidelines developed in the last few decades (Cooke
and Goossens, 2000).

Elicitation is a structured procedure of collecting scientific
data in the form of expert judgment (Cooke, 1991; Morgan,
2014). The participating experts are asked to express their
professional judgment about an uncertain quantity such as cost
or capacity of an emerging technology by providing information
about their subjective distribution over this quantity’s possible
values (Cooke and Goossens, 2000). If more than one expert
participates in the elicitation, a procedure of aggregation will
be performed to synthesize their knowledge and express it in
the form of a single probability distribution function (O’Hagan
et al., 2006). While, elicitation is not a sampling exercise to
statistically represent the population’s view, the choice of experts
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FIGURE 2 | Expert elicitation coverage in terms of (A) experts affiliation, (B) interview method, (C) experts location, and (D) experts background.

in the elicitation procedure should reflect the broad judgments
and professional opinions that exist in the field. The required
number of experts which should be included in an expert
elicitation survey is indeed very subjective and depends on the
characteristics of the subject matter (Morgan, 2014).

However, even with a careful selection of the experts,
elicitation surveys are subject to biases known to any human
decision-making process (Walls and Quigley, 2001). To
minimize the impacts of such biases, we carefully analyzed
the potential biases. We followed the procedure outlined
for eliciting the future prospects of renewable energy
technologies to address the potential biases in our elicitation
protocol (Bosetti et al., 2012).

We designed a two-stage procedure to eliminate the bias in
expert selection and in choosing the uncertain parameters. In the
first phase (exploratory phase) of the project, we interviewed 13
experts online from June to August 2019. The list of participants
in the exploratory phase is provided in Supplementary Material.
The main purpose of these interviews was, therefore to address
the following two biases.

• Expert selection bias: we asked the participants in the
exploratory phase to identify other experts that should be
contacted in the main phase of the project, and

• Parameter selection bias: we asked the participants in the
exploratory phase to identify the pressing issues that the

experts believed could be addressed through a formal expert
elicitation survey.

At the end of the exploratory phase, 30 experts were identified
and contacted for the survey’s main phase. Out of these 30
experts, 18 agreed to participate in the survey. We tried to
choose the pool of experts with broad affiliation, geographical
representation, and expertise background as shown in Figure 2.
The experts represented both industry and academia with
backgrounds in chemical engineering, energy engineering,
energy economics and policy, and DAC development. Currently,
there are only a fewDACplants in operation in Europe andNorth
America. Our experts are similarly from these two geographical
locations. Since DAC is still considered new technology, most
research on DAC technologies is focused on optimizing the
chemical properties of the absorbents/adsorbents and the
chemical processes involved in capturing and regeneration phase.
Therefore, it is not surprising to see that most of the experts
in our study had chemical engineering or energy engineering
background. However, we also included experts with economics
and policy background and empirical experts and industry
representatives to have a balanced mix of professional judgment
opinions.Table 1 shows the list of experts and their affiliation. All
answers are anonymously reported in the rest of the paper.

The objective of the main phase of the survey was
to assess the future technical developments and costs of
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TABLE 1 | List of experts in the main phase in alphabetical order by last names.

Name Expertise Affiliation

Christoph Beuttler DAC development Climeworks

Stefano Consonni Energy engineering Politecnico di Milano

Michael J Desmond Energy economics and

policy

Independent consultant

Samuel Julio Friedmann Energy economics and

policy

Columbia University

Ajay Gambhir Energy economics and

policy

Imperial College

Matteo Gazzani Energy engineering Utrecht University

Chris Greig Chemical engineering Princeton University

Whitney Herndon Energy economics and

policy

Rhodium Group

Howard Herzog Chemical engineering MIT

Chris Jones Chemical engineering Georgia Tech

Ryan Lively Chemical engineering Georgia Tech

Marco Mazzotti Chemical engineering ETH Zurich

Sean McCoy Chemical engineering University of Calgary

Colin McCormick Energy economics and

policy

World Resources Institute

Jim McDermott DAC development Rusheen Capital Management

Matteo Romano Energy engineering Politecnico di Milano

Robert Socolow Energy engineering Princeton University

Jennifer Wilcox Chemical engineering Worcester Polytechnic Institute

The ordering is intentionally different from the one used in the figures.

available DAC technologies for removing carbon dioxide
from the air. We particularly focused on liquid solvent
and solid sorbent technologies as they are at different
levels of development and commercial deployment. The
experts were given an option to provide techno-economic
estimates for any other DAC technology beyond these two
types. However, none of the experts chose to discuss an
alternative DAC technology. The questionnaire was divided into
three sections:

1. Assessing the cost and capacity of DAC technologies under
two future scenarios o climate change policy (i.e., 2DC
scenario and PAU scenario);

2. Identifying the current and future technical requirements for
DAC deployment in terms of required energy, temperature,
land, etc.;

3. Evaluating critical non-technical factors including growth
barriers and supporting policies that will have an effect on
future deployment of DAC technologies

We surveyed through interviews to eliminate any
misinterpretation of the questions and clarify the experts’
answers where needed. The interviews included 12 via Skype, 3
in-person, and 2 via phone from November 2019 to March 2020
(see Figure 2B). Only one person used the link to the online
survey without having an interview. At the beginning of each
interview we provided experts with a set of practice questions
unrelated to DAC technologies to help the experts get familiar

with the elicitation procedure and gauge their uncertainty. In
the main part of the survey, few experts responded partially or
preferred not to answer one or more questions. The list of survey
questions is provided at the end of Supplementary Material.

To identify uncertainty in experts’ assessment, they were
asked to provide low, median, and high estimates corresponding
to the 10th, 50th, and 90th percentiles of the current and
future costs, capacity, and performance of DAC technologies
under 2DC and PAU scenarios. For each DAC technology,
we report the results at the individual level for each expert
and at an aggregated level for the group of experts. The
quantitative approach to construct individual distributions
from the 10th, 50th, and 90th percentiles are presented in
Supplementary Materials. The “aggregated” values are obtained
from combining the individual expert’s probability distributions
with equal weights. Combining the judgements of experts
participating in the survey is also a very subjective issue.
Some studies have recommended some additional pre-elicitation
interviews to gauge the quality and performance of expert
judgements (Cooke and Goossens, 2008). However, a review
of several elicitation surveys using equal weights method and
performance weights method shows that they produce similar
medians and equal weights method has better accuracy (Clemen,
2008). Nevertheless, while averaging the expert judgments, we
combine individual probability distributions and calculate the
quantiles of the combined probability distribution instead of
taking the average of the individual quantiles. This method
has been shown superior in performance and producing more
evenly spread combined distribution. The median of equally-
weighted combinations of individual distributions is shown to be
a better estimate than the average of equally weighted individual
medians (Cooke et al., 2021).

3. RESULTS

3.1. Cost Estimates
Under each scenario (PAU or 2DC), experts were first asked to
define which DAC technology (solid sorbent, liquid solvent, or
another technology) is expected to become the dominant one
by 2050. For the prevalent technology, respondents were then
asked to give a probabilistic estimate for different economic
and technical parameters. The first set of results is provided in
Figure 3where the total net removal costs are calculated based on
experts’ estimates of high, medium, and low capital expenditure
(CAPEX) and operating expenses (OPEX). Individual estimates
of CAPEX and OPEX for each expert are provided in
Supplementary Material.

A key factor to consider here is that net removal costs depend
on the assumption that the experts have implicitly made about
the DAC plants’ energy source and potential storage or utilization
of the captured carbon. Although we did not limit the experts
to think about any specific energy source, most experts indicated
that future DAC plants will use renewable energy sources for their
operations (see Figure 7).

The experts’ estimates provided in Figure 3 are compared with
the range provided by the most recent NAS report (National
Academies of Sciences Engineering and Medicine, 2019). The
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FIGURE 3 | Total net removal cost estimates (50th, 90th, and 10th percentiles) for solid sorbent (red bars) and liquid solvent (blue bars) technologies under (A) PAU

scenario and (B) 2DC scenario. The results are reported for 2020 (dark colors) and 2050 (light colors) for each expert. The orange and gray boxes indicate the range

of values reported in the National Academy of Sciences (National Academies of Sciences Engineering and Medicine, 2019) reports for solid sorbent and liquid solvent

technologies respectively. Experts 2, 5, 6, and 16 did not provide answers to the cost estimate questions.

NAS report devises a cost correction factor, defined as 1
1−x ,

where x is the amount of CO2 emitted for every unit of CO2

that is captured by DAC. If a DAC plant uses high carbon
intensity fossil fuels, x approaches 1 and the cost grows. In
contrast, when using renewable energies, x is approaching zero,
making the net removal cost equal to the actual capture cost.
The lower-bound and upper-bound of the NAS net removal cost
estimates for liquid solvent DAC are 156 USD/tCO2 for a system
with high-efficient solar energy and 506 USD/tCO2 for a low-
efficient system with wind energy, respectively (gray shaded area
in Figure 3)2.

On the other hand, most cost estimates in the literature
are only considering the capturing cost. Therefore, their net
removal costs are highly dependent on the choice of energy
source. The American Physical Society (APS) has estimated
the capture cost for a realistic design using liquid solvent

2In order to meet the high temperature heat requirements in liquid solvent

systems, the NAS report contains calculations based on both burning fossil fuel and

H2 combustion, with H2 produced through electrolysis with renewable sources.

DAC to be around 550 USD/tCO2, while the corrected cost
(i.e. including emissions from energy sources) would be 780
USD/tCO2 (Socolow et al., 2011). The optimized avoided cost of a
similar design is as low as 518 USD/tCO2 (Mazzotti et al., 2013).
Alternative designs of liquid solvent DAC have been suggested
where K+ is used instead of Na+ as cation (Keith et al., 2018).
This new design’s capture cost is estimated to be in the range
of 94–232 USD/tCO2. Assuming a 13% increase due to the
electricity source’s carbon intensity, the avoided cost will be in
the range of 106–262 USD/tCO2.

Our analysis outlined in the Figure 3 shows that out of five

experts who chose the liquid solvent DAC system in the PAU

scenario, two reported median net removal cost estimates larger
than the NAS upper-bound. They also reported a much smaller
reduction in the future cost estimates compared to the other
experts. The three other experts, however, not only reported a
sharp decline in themedian net removal cost in 2050 compared to
2020, but also expressed a considerably smaller uncertainty over
the future cost values. The reduction in the median net removal
cost is more evident when comparing the aggregate cost estimates
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in 2020 and 2050 in Figure 4 where the aggregate median net
removal cost goes down from 453 [251, 1,150] USD/tCO2 in 2020
(Figure 4C) to 275 [135, 1,150] USD/tCO2 in 2050 under PAU
scenario (Figure 4D).

The cost reductions from 2020 to 2050 are even more
profound in the 2DC scenario. In this case, all four experts who
chose the liquid solvent DAC system indicated a reduction in
the median cost and the uncertainty over it in 2050 compared
to 2020. As shown in Figure 4, the aggregate median net
removal cost goes down from 453 [222, 837] USD/tCO2 in 2020
(Figure 4G) to 214 [124, 445] USD/tCO2 in 2050 under 2DC
scenario (Figure 4H).

Unlike liquid solvent DAC, only a few techno-economic
studies have estimated the capture cost of solid sorbent DAC
systems. The NAS lower-bound and upper-bounds for solid
sorbent DAC are 89 USD/tCO2 for a system with high-efficient
solar energy and 877 USD/tCO2 for a low-efficient system with
coal energy, respectively (orange shaded area in Figure 3). A
most recent study has put the capture cost of solid sorbent DAC
in the range of 120–155 USD/tCO2 (Fasihi et al., 2019).

In our study, most of the 2020 net removal cost median
estimates are consistent with the NAS report range as shown in
Figure 3. Only one expert (expert 8) reported the median net
removal cost larger than the NAS upper-bound. However, the
2020 net removal cost uncertainty ranges vary greatly among the
experts while the uncertainty ranges are smaller for the 2050 net
removal cost estimates. Similar to the liquid solvent DAC, both
the median estimates and uncertainty ranges reduce under 2DC
scenario. As Figure 4 shows the median of the aggregate median
net removal cost with solid sorbent technology goes down from
624 [336, 1,035] USD/tCO2 in 2020 (Figure 4A) to 336 [158, 631]
USD/tCO2 in 2050 under PAU scenario (Figure 4B).

On the other hand, under 2DC scenario the aggregate median
net removal cost with solid sorbent technology goes down from
591 [314, 1,143] USD/tCO2 in 2020 (Figure 4E) to 207 [77, 691]
USD/tCO2 in 2050 under 2DC scenario (Figure 4F).

In summary, these graphs help us compare the results in terms
of median net removal cost estimate and the uncertainty range
around it across time, policy, and technology domains (see also
Supplementary Figure 5 and Supplementary Table 3).

• Median estimate: while the current solid sorbent technology
has a slightly higher median removal cost estimate compared
to the liquid solvent technology, the future median cost
estimates for both technologies converge to a lower level in
2050 under both policies compared to 2020. However, the
median of 2050 cost estimates is lower under 2DC scenarios
than PAU scenarios for both technologies. Furthermore, the
estimated 2050 median values under 2DC scenario (214
USD/tCO2 and 207 USD/tCO2 for liquid solvent and solid
sorbent technologies, respectively) are in line with the range
of 200 USD/tCO2 to 350 USD/tCO2 cost estimates used in
integrated assessment models (IAMs) (Realmonte et al., 2019).

• Uncertainty range: the uncertainty over net removal cost

is generally smaller in 2050 compared to 2020 for each
expert and the aggregated results. More experts favored solid

sorbent technology and the individual uncertainty ranges

are generally smaller for this type of DAC technology. The
aggregate uncertainty ranges under 2DC scenario are smaller
for liquid solvent technology and slightly larger for solid
sorbent technology.

3.2. Capacity Estimates
In addition to costs, experts provided information about
expectations on the future deployment of DAC technologies.
In Figure 5, elicited probabilities concerning annual installed
capacity (AIC) are reported for both technologies under two
scenarios. First, we note that currently, there are very few
installed DAC facilities, and therefore, the experts provided near-
zero estimates for 2020 values. Second, only five experts estimated
that the median AIC of solid sorbent systems will be above 100
MtCO2 in 2050 but none of them provided anAIC estimate above
1 GtCO2. On the other hand, two respondents estimated that AIC
of liquid solvent system will go beyond 1 GtCO2 in 2050. This
highlights the potential of a liquid solvent system in delivering
high capacity removal in large scales. Under 2DC scenario,
however, themedian AIC estimates increase significantly for both
technologies in 2050. However, the uncertainty ranges are wider
in both groups for individual experts and aggregated estimates.

Figure 6 shows the fitted cumulative distributions under each
scenario for a combined set of both technologies. Merging data
for both technologies allows us to understand what experts think
about the role of DAC in shaping the mitigation portfolio under
each scenario regardless of the type of technology being used. In
this case, the median of aggregate distribution for AIC in 2050
is 0.24 [0.05, 1.34] GtCO2 under PAU scenario while it reaches
to about 1.69 [0.19, 5.86] GtCO2 under 2DC scenario (see also
Supplementary Figure 6). Regardless of large uncertainties over
the AIC estimates, the experts’ collective judgments suggest that
DAC could contribute to reaching the 2◦C climate target by
removing several GtCO2 by mid century under 2DC scenario.
These values are again in line with the estimated values reported
in previous IAM studies. For example, the estimated values of
around 3 GtCO2 from a multi-model analysis of DAC scenarios
(Realmonte et al., 2019) corresponds to the 70th percentile
of the aggregate distribution in our survey. Another recent
study has shown that given the current cost and performance
characteristics, DAC should provide about 3 GtCO2 annual
negative emissions by 2035 to meet the climate target of 1.5◦

C (Fuhrman et al., 2020). Other studies have highlighted the
interplay of mitigation ambitions and CDR requirements. They
have shown that increasing mitigation efforts in short-term (e.g.,
limiting emissions from 18 to 31 GtCO2 per year in 2030) could
reduce the need for CDR for achieving the 2◦C climate target
from 8 to 2 GtCO2 per year (Strefler et al., 2018).

Like the cost estimates, we can now compare the AIC
median estimates and the uncertainty range around it across
time, and policy for a combined set of both technologies (see
Supplementary Figure 7 and Supplementary Table 4).

• Median estimate: the future median AIC estimates converge
for both technologies to higher levels in 2050 compared to
2020. Still, the median of 2050 AIC estimates are much higher
under 2DC scenario compared to PAU scenario.
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FIGURE 4 | Cumulative distribution functions (CDF) for net removal cost for the aggregate (continuous lines) and for each expert (dotted lines). The median of the

aggregate distribution is indicated by gray dashed line. Cumulative distributions are triangular fit to 10th, 50th, and 90th percentiles for solid sorbent (red lines in

A,B,E,F) and liquid solvent (blue lines in C,D,G,H) technologies under PAU scenario (A–D) and 2DC scenario (E–H). The results are reported for 2020 (A,C,E,G) and

2050 (B,D,F,H) for each expert. The aggregated CDF is constructed by combining equally weighted individual probability distribution functions (PDF) as shown in

Supplementary Figure 5 (Supplementary Material).
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FIGURE 5 | Annual installed capacity (AIC) of DAC (50th, 90th, and 10th percentiles) for solid sorbent (red bars) and liquid solvent (blue bars) technologies under (A)

PAU scenario and (B) 2DC scenario. The results are reported for 2020 (dark colors) and 2050 (light colors) for each expert. The 2020 values are near zero and

negligible. The red bars show the solid sorbent technology and the blue bars represent the liquid solvent technology. Experts 2 did not provide answers for the AIC

estimate questions. Experts 5 and 16 provided estimates only for 2DC scenario.

• Uncertainty range: the uncertainty over AIC is larger in
2050 compared to 2020 for each expert and the aggregated
results mainly because the 2020 numbers are almost zero.
The individual uncertainty ranges are generally wider for solid
sorbent technology. The ranges under 2DC scenario are larger
and the aggregated range is more spread.

3.3. Energy Requirement
The experts provided estimates for each technology’s evolution
in required energy, temperature, and land in addition to the cost
and capacity estimates. The detailed results for these parameters
are provided in Supplementary Figure 8.

Liquid solvent DAC technologies, in general, require more
heat during the regeneration process. Processing solid sorbent
DAC technologies, on the other hand, is less energy-intensive and
it requires a lower temperature. Energy requirements estimates
in this survey are generally higher than those reported by the
NAS (National Academies of Sciences Engineering andMedicine,
2019). The median estimate for solid sorbent technologies is
around 8 GJ/tCO2 in 2020 while the NAS estimates range from

4 to 6 GJ/tCO2. However, the experts estimated that the median
energy requirements for solid sorbent systems will drop to about
6 GJ/tCO2 by 2050 which falls at the upper-bound of the NAS’
estimate range. On the other hand, the median estimate for liquid
solvent technologies is around 10 GJ/tCO2 in 2020, within the
range of NAS estimates (8–12 GJ/tCO2). The experts estimated
that liquid solvent systems’ median energy requirements will
drop to about 8 GJ/tCO2 by 2050. The 2020 estimates of energy
requirements for both technologies are in the range of values used
in the IAM studies. For example, Realmonte et al. assume two
DAC technologies with an overall energy requirements ranging
from 5.0 to 9.9 GJ/tCO2 (Realmonte et al., 2019) while Fuhrman
et al. assume a range of 6.6–9.9 GJ/tCO2 for low- and high-cost
DAC technologies respectively (Fuhrman et al., 2020).

3.4. Utilization and Integration
The DAC process’s output is CO2 with high purity that can be
either sequestered in geological storage sites or processed for
utilization in the production of carbon-based fuels and other
chemicals (Gambhir and Tavoni, 2019). Therefore, successful
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FIGURE 6 | Cumulative distribution functions (CDF) for annual installed capacity in 2050 for the aggregate (continuous line) and for each expert (dotted line). The

median of the aggregate distribution is indicated by gray dashed line. Cumulative distributions are triangular fit to 10th, 50th, and 90th percentiles for both solid

sorbent and liquid solvent technologies under PAU (green lines) and 2DC (brown lines) scenarios. The aggregated CDF is constructed by combining equally weighted

individual probability distribution functions (PDF) as shown in Supplementary Figure 7 (Supplementary Material).

deployment of DAC technologies in the future is highly
dependent on the availability of carbon sequestration or
utilization options. Half of the experts (50%) elicited in our
study indicated “Geological storage” as the most likely option
for sequestration of the captured CO2 while only 39% of the
experts chose “Enhance oil recovery” as the first option for
utilization of the captured CO2 followed by the utilization of the
captured carbon in producing synthetic fuel and more generally,
“air-to-chemicals.”

To fully realize its climate benefits, DAC should be integrated
into a low carbon energy system (Mac Dowell et al., 2019). But
even when DAC facilities are powered with renewable energy
sources, there is still a risk of higher health and social costs from
upstream fossil emissions (Jacobson, 2019). In our survey, we
asked experts about the type of facilities that need to be placed
near DAC plants. Some studies have highlighted the long-term
social and Although liquid solvent DAC requires substantial heat
that makes it harder to completely rely on renewable sources,
few experts rank fossil fuel related facilities above renewable
energy sources. On the other hand, almost 40% of the experts
highlighted the need to integrate DAC facilities with renewable
sources of energy (wind and solar) or locating DAC facilities
near geothermal reservoir. Figure 7A shows the ranking of
supporting facilities that the experts believe should be placed near
DAC facilities. The integration of DAC facilities with renewable
energy sources is not only essential for meeting the electricity
requirements but also for providing the necessary thermal energy
for the regeneration process (Wohland et al., 2018). However,
in the case of liquid solvent technologies with high temperature
requirements, using renewable electricity directly for heating
is not efficient. In this case, renewable electricity can be used
for electrolysis to generate hydrogen which can be used in
fuel cells for thermal heating (National Academies of Sciences

Engineering and Medicine, 2019). Other studies have suggested
the integration of DAC systems and renewable energy sources to
producemethanol (Daggash et al., 2018; Bos et al., 2020; Liu et al.,
2020).

In terms of limitations to DAC technologies’ future growth,
half of the experts (50%) indicated that lack of supporting
“Policy and regulations” will hinder the expansion of DAC
technologies. After policy, the need for innovation in reducing
the DAC process’s energy intensity and integrating it with
renewable sources of energy has received support from 44%
of the experts. One interesting outcome of this study is to
show that “Social acceptability” and “Storage capacity” have
received only about 22 and 17% of the experts’ votes, respectively.
This indicates that the experts believe that not only there is
enough geological storage capacity for permanent sequestration
of captured CO2 but also general public is willing to accept
DAC as long as there is a policy and regulatory support for
that. Although the provision of chemical sorbent materials has
been highlighted in previous studies as a potential constraint
for DAC technologies’ mass development, it (Realmonte et al.,
2019), only 11% of the experts highlighted it as a potential critical
obstacle in our study. Figure 7B shows the ranking of these
limiting factors.

Finally as shown in Supplementary Figure 9, experts
projected that most direct air capture projects will be
developed in North America (27%), Europe (16%), and
China (16%), identifying these regions are the early
adopters of DAC technologies. They also projected that
about one-fifth of future DAC installations will be in
the Middle East. As the world economy is moving away
from fossil fuel consumption, oil and gas producers
could take advantage of their existing infrastructure
to transition from processing fossil fuel to processing
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FIGURE 7 | Ranking of (A) supporting facilities required in the vicinity of future DAC plants with 1 indicating the highest rank and 5 indicating the lowest rank, and (B)

limiting factors in developing DAC technologies.

synthesized fuel made from the captured carbon in
DAC facilities.

4. DISCUSSION

This paper summarizes the results of an expert elicitation on
direct air capture technologies and their prospects. To the best of
our knowledge, we are the first to provide a summary of experts’
judgment on how DAC technologies may evolve over time and
across climate policy scenarios. Three key areas emerge from the
results of our survey.

First, the experts’ removal cost estimates show a wide
range of uncertainty due to the lack of available, trustworthy

information about the real costs of developing and operating
DAC technologies. This calls for more transparency in reporting
the cost and performance of existing DAC facilities. Although

private companies operate the current DAC plants, such
voluntary transparency in reporting their financial costs can

benefit the whole field and help potential investors, policy

makers, and technology developers to identify the key obstacles

in developing new DAC projects. Despite high uncertainty in

estimation of current removal costs, there was a strong consensus
among the experts that the costs will fall sharply from their

current levels (500–600 USD/tCO2 removed) but will remain

significant (about 200 USD/tCO2 removed in 2050) under a
strong climate policy regardless of the type of technology.
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The second finding highlights the prospective deployment
of direct air capture. Even the most optimistic experts were
hesitant to provide median estimates of annual installed capacity
of more than few GtCO2. These estimates and those of the
cost estimates are both in line with annual negative emissions
capacity required to reach stringent climate targets according to
integrated assessment models of climate change and economy
(Strefler et al., 2018; Realmonte et al., 2019; Fuhrman et al., 2020).
This highlights the challenges of developing a successful DAC
program in the medium-term (Beuttler et al., 2019). Even under
the best prospects, DAC should be considered part of a vast
portfolio of mitigation strategies, most importantly renewables
and gas with carbon capture and storage.

Third, although the science of capturing CO2 from ambient
air has been known over the past few decades, various
technical and policy obstacles have hindered the adoption of
DAC technologies in scale needed for tackling the growing
carbon concentration in the atmosphere. Developing new
absorbent/adsorbent materials, alternative process designs, and
finally new energy sources can reduce the net removal cost of
CO2. Half of the experts indicated lack of supporting policy
as a major obstacle in developing DAC projects (Figure 7). In
terms of types of policy that will benefit DAC projects, more
than half of the experts (56%) indicated establishing a carbon
credit market such as “Low carbon fuel standard” that is currently
in place in California will be the most effective way to support
DAC technologies. Carbon tax and R&D policies were the second
and the third favorite policies after carbon credit. In any case,
government support is a key enabling factor for developing DAC
at scale.

Finally, we should acknowledge some of the limitations of our
study. First, we were not able to reach all of the 30 experts we
wanted to talk to. Some refused to participate in this study and
some were not comfortable providing projections about a new
technology that they considered to be too uncertain. As a result,
we were able to talk to only 18 exerts. Second, although we tried
to cover the key technical, economic, and policy aspects of the
DAC technologies, investigating the detailed technical aspects of
their energy requirements and chemical processes was beyond
the scope of this research and requires further investigation.
As more DAC projects are being developed, more experts with
direct expertise in different aspects of these technologies will be

available. We hope our study provides the first step in collecting
informed predictive judgments about DAC technologies and
paves the way for future expert elicitation studies in this field.
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