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Abstract

Direct Air Capture with Carbon Storage (DACCS) technologies represent one of the most
significant potential tools for tackling climate change by making net-zero and net-negative
emissions achievable, as deemed necessary in reports from the Intergovernmental Panel on Climate
Change and the European Green Deal. We draw from a novel and original dataset of expert
interviews (N = 125) to distil ten recommendations for future DACCS policy. After providing a
literature review on DACCS and explaining our methods of data collection, we present these
recommendations as follows: (a) follow governance principles that ensure ‘negative’ emissions; (b)
prioritize long-term carbon storage; (c) appreciate and incentivize scale; (d) co-develop with
capture, transport, and storage; (e) phase in a carbon price; (f) couple with renewables; (g) harness
hub deployment; (h) maintain separate targets; (i) embrace certification and compliance; and (j)
recognize social acceptance. All ten recommendations are important, and all speak to the urgency
and necessity of better managing and shaping the potentially impending DACCS transition.

1. Introduction

Direct Air Capture with Carbon Storage (DACCS)
seeks to reverse the fundamental causes of climate
change and repair the climatic damage humanity has
undertaken over the previous centuries. DACCS facil-
ities can capture carbon dioxide by collecting it dir-
ectly from the ambient air, then storing it in reser-
voirs or putting that carbon to use in other industrial
processes (EASAC 2018). While still in their infancy,
DACCS facilities are expected to play an increasingly
large and possibly highly significant role in our energy
systems and climate change mitigation efforts of the
future. National Academies of Sciences, Engineering,
and Medicine (2019, p 8) identified DACCS as one
of the few realistic technical options that ‘could be
scaled up to remove very large amounts of carbon.
McCormick (2022, p 1) adds that DACCS ‘is a key
climate technology with the potential to make major
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contributions to stabilizing atmospheric CO; levels.
Fasihi et al (2019) project that if DACCS systems are
commercialized in the 2020s, they could see ‘massive
implementation” by the 2040s and 2050s, when they
could be of a magnitude equal to existing sources
of climate change mitigation such as wind energy or
solar energy. McQueen et al (2021) anticipate major
improvements in innovation and learning that could
see the projected levelized costs of deploying DACCS
drop by almost a factor of five as cumulative capacity
grows. Such learning could foreseeably include the
development of new approaches and materials, such
as those being developed by a Massachusetts Insti-
tute of Technology spinoff, which could lower energy
costs of DACCS by 70% by employing a novel plastic
material (Rathi 2022). There are, however, import-
ant costs to this technology. Hanna et al (2021) spec-
ulate that, by the end of the century, global DACCS
systems could, at the upper range, be responsible for
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Table 2. Summary of expert interviews conducted in May—September 2021.

Summary information No
No. of experts 125
No. of organizations represented 104
No. of countries represented 21
No. of academic disciplines represented 34
Cumulative years spent in the geoengineering industry or research community 881
Average years spent in the geoengineering industry or research community 7.8
No. of experts whose current position falls into the following areas:
Civil society and nongovernmental Organizations 12
Government and intergovernmental Organizations 8
Private sector and industrial associations 12
Universities and research institutes 94
No. of experts from the Global South 12

Source: Authors.

Table 3. Interview question sets.

1. Innovation

Which particular options have high or low innovation potential in technical, communication,

societal appraisal, and policy dimensions?

2. Coupling
removal?

3. Business models

4. Risks

5. Sustainability
and other societal objectives?

6. Justice

7. Actors

What energy systems or other sociotechnical systems could or should be coupled to carbon

What business models and markets could carbon removal create or disrupt?
Which serious risks (e.g. social, political, military, ethical, environmental) may arise?
What are the synergies and trade-offs of deployment for the Sustainable Development Goals

What vulnerable groups could be affected, positively or negatively?
Who are the relevant (or most important) actors (or stakeholders/networks), e.g. for

commercialization, development, and/or acceptability?

Source: Authors.

risk or damage from climate change in post-Paris cli-
mate governance.

Of the total sample of experts (N = 125), 90
participants have expertise in the assessment, policy,
or technological development of multiple carbon
removal approaches, and a large and multidisciplin-
ary plurality has concentrated expertise in the current
applications, projected pathways, and governance
mechanisms for DACCS. To ensure the credibility
of our knowledge base, we invited only those who
have published high-quality peer-reviewed research
papers on the topic, or published patents and intel-
lectual property, within the past ten years (from 2011
to 2020). Table 2 provides an overview of the demo-
graphics of our total sample of expert interviews. Data
from these interviews is presented here as anonym-
ous with a generic respondent number (e.g. R010 for
respondent 10, or R110 for respondent 110). The full
list of interview respondents is shown in annex I as
supplementary online material.

Our engagement technique of semi-structured
interviews asks participants a set of standard inquir-
ies, while allowing for novel directions and areas to be
explored in an emergent fashion. We structured our
questioning to cover key areas of innovation and sec-
toral interconnections and gaps, risks, justice and sus-
tainability dimensions, and governance needs, actors,
and instruments (table 3).

We see this method as appropriate for the fol-
lowing reasons. DACCS is an emerging topic, where
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experts and technologists play clear and substantial
roles in thought-entrepreneurship and steering with
regards to the assessment, innovation, and policy dis-
courses. Accordingly, we seek to facilitate a more
targeted discussion between expert views, to com-
prehend complicated programs or events (and their
potential consequences), as well as how they inter-
sect with experts’ perceptions, beliefs, and values. We
moreover engage with a rapidly expanding topic, and
see interviews as a rigorous, real-time collection of
prospective thoughts, points of view, and plans of
action that could take months or even years to mater-
ialize. In this regard, employing interviews provides
timely insights at an early stage of the discourse,
and without having to wait for such other sources of
information to become publicly available.

3.2. Data analysis

Given that interviews were completed over a three-
month period, blocks of interviews were sent to a
professional transcription service as they were com-
pleted. Upon being returned, all transcripts were then
cleaned by authors before being entered in the qual-
itative data-analysis program NVIVO, where tran-
scripts of all 125 interviews were coded. Using this
program, new nodes (and sub-nodes) were iteratively
created in order to capture the diverse perspectives of
the expert sample, including, for instance, to reflect
where different understandings of specific aspects of
DACCS (policy, governance, technology) arose. The
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resulting dataset thus presents a structured coding of
the interview data, which can be simultaneously util-
ized to explore both consensus views across experts
and significant differences of opinion or perspective.

3.3. Limitations

Our use of a large sample of expert interviews
provides crucial and diverse insights into the poten-
tial, challenges, and possible shortcomings of DACCS
as a solution to the climate crisis. At the same time,
our research approach, and our decisions of how to
report on the data, have some shortcomings. First,
while our emphasis on anonymity proved crucial to
encourage our respondents to feel that they could
express themselves without thought of retribution or
negative consequences, this presents difficulties for
the potential replication of our findings, given to the
issue of correlating the identity of respondents with
particular interviewee statements. For this reason, we
do provide a full list of all our participants (with one
exception) in the appendix as well as make frequent
reference to specific quotes as support and justifica-
tion for our findings. Moreover, we took an ethno-
graphic approach that did not correct or problemat-
ize responses, so we present the views of participants,
even if they may have had misperceptions on spe-
cific points about DACCS or policy. In this regard, we
take the decision to not impose ourselves too much
on their claims, other than perhaps offering context
where deemed appropriate, as it is not our place to
determine or set bounds on their self-assessed expert-
ise. This research therefore offers a mapping of the
current perceptions of experts regarding preferable
policy and governance principles of DACCS, but such
findings are still based on expert opinion and subject
to intersubjective interpretation.

4. Ten principles for direct air capture
policy

This section presents ten core recommendations for
DACCS policy arising from our expert interviews,
which are supplemented with a review of the recent
literature.

4.1. Follow key principles for ensuring ‘negative’
emissions

Our first recommendation summarizes four under-
lying governance principles for DACCS and negat-
ive emissions deployment (Tanzer and Ramirez 2019,
Preston Aragones et al 2020). R109 explained these
principles succinctly:

Principle 1 is to emphasize collection
of CO; from the atmosphere. Principle
2 is to store it in a manner intended
to be permanent—see also the need to
prioritize utilizations which are more
durable. Principle 3 is that monitoring,
reporting, and verification approaches
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must look at all upstream and down-
stream emissions (regarding both the
full life cycle of the product or process
and along supply chains), as well as to
comprehensively estimate and include
them in the balance. Principle 4 is, at
the end of the day, to remove more CO,
than is emitted.

Schenuit et al (2021) also argue that deploy-
ment of carbon dioxide removal technologies like
DACCS need policy mixes that actively enforce net-
zero policies and couple diffusion with national net-
negative emissions targets.

4.2, Prioritize long-term carbon storage
Our second recommendation is that removal and
long-term storage of carbon dioxide from the atmo-
sphere should take precedence over less durable/more
immediate uses of removed carbon (McLaren 2020).
Utilization should focus on where it is important to
move away from fossil or atmospheric carbon to sus-
tainable carbon (Bruhn et al 2016, Patricio et al 2017).
Issues of long-term storage intersect with other
aspects of risk including permanence, leakage, liab-
ility, and the pursuit of a more circular economy. To
highlight how limited the effective removal and util-
ization of carbon is at present, R013 drew parallels to
the case of BECCS:

If you look at the direct air capture and
storage, they aren’t doing anything with
the carbon dioxide they’re capturing yet.
[And then look at] Drax, which is the
biggest bioenergy plant we’ve got in the
country [the United Kingdom]. That
technology is capturing just one tonne of
carbon dioxide per day. In fact, they’re
just putting it in barrels on site now
currently because they really don’t have
an idea about what to do. We have to
really get some idea about the way the
whole thing will work from one end to
the other one.

R039 expanded on this risk of CCS and second-
life uses by noting how:

Based on the flow of carbon, essen-
tially you can have something labeled as
part of the circular economy which in
the end still results in additional emis-
sions. In other contexts, circular eco-
nomy is taken to represent a form of
CO; removal, which it might not be.
And so there is a risk of obfuscating,
from an atmospheric carbon perspect-
ive, what is actually happening.

The National Research Council (2015) has already
argued that some carbon dioxide removal options,
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including DACCS, could generate pure, ready-to-use
streams of carbon dioxide for industrial application.
Rather than being put underground, these could be
used instead for enhanced oil recovery, chemical pro-
duction, or other uses (Wilcox et al 2017).

Thus, according to this logic, DACCS—if imple-
mented without constraints, or considerations for
net-zero reductions—would not be sequestering car-
bon, but putting it to uses where carbon-intensive
oil is combusted and carbon re-enters the atmo-
sphere and, in some cases, could contribute to fossil
fuel extraction and associated emissions. McCormick
(2022) notes the potential for strong market demand
for such pure carbon, citing that very recently both
the United States and the United Kingdom have con-
fronted repeated shortages of industrial CO, due to
fragile supply chains. Furthermore, many ongoing
and upcoming DAC projects focus more on utiliza-
tion in fuel synthesis than storage, as shown in table 1.

We recommend against such uses of DAC, how-
ever. Notably, we stipulate against the endorsement of
its uses for enhanced oil recovery, i.e. given how it pri-
oritizes near-term applications over long-term con-
sequences for the climate and the potentially adverse
impact on social acceptance (see section 4.10), but do
endorse use of feedstock for building materials (e.g.
concrete) or synthetic aviation fuels, in the scope of
sustainable aviation fuel mandates.

Nevertheless, there is a caveat to this stipulation.
There could be cases where near-term enhanced oil
recovery could still result in net reductions of car-
bon dioxide, either by generating revenues needed by
incumbent firms which can be utilized or reinves-
ted in net-zero options, or that enhanced oil recov-
ery is needed to clear out reservoirs to make space for
carbon storage. In simpler terms, near-term usage of
enhanced oil recovery could still result in net, longer-
term storage of carbon. In these situations where
enhanced oil recovery results in significant net reduc-
tions and storage of carbon, it deserves more serious
consideration as a deployment option. Such consider-
ation will, however, have to take account of complex
knock-on effects beyond just the carbon sequestered
while extracting the oil, and released while burning
it. Further lock-in of oil-dependent infrastructure,
or political legitimization of economies based on oil
extraction might be unintended consequences of such
an approach.

4.3. Appreciate scale and incentivize
experimentation

Multiple respondents spoke about the importance
of scale. As table 4 summarizes, this included the
notion that policies must steer innovations through
the “Valley of Death’ within research and develop-
ment, and that DACCS could be the ultimate ‘gamnie-
changer’ if economies of scale were to be achieved.
Respondents also spoke about how ‘getting in now’
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could be very profitable for investors, and that we
‘need this now’ in terms of experimentation and scal-
ing effort to the point where it is as ’big as the car
industry’, as well as policies that ‘speed up the discovery
process.

Based on these statements, and in view of the
amount of carbon removal required as per the recent
IPCC reports (IPCC 2021, IPCC et al 2022), we
believe policy should set an aspirational objective of
gigatonne-scale permanent carbon removals by 2030.
Further, there is a need to move towards large-scale
demonstration for first-of-a-kind installations, with
possible matching support at a domestic level from
institutions such as the EU Innovation Fund and
Breakthrough Energy Catalyst, or the Energy Sys-
tems Catapult in the UK, or the Advanced Research
Projects Agency-Energy (or the U.S. Federal Gov-
ernment’s network of national laboratories) in the
United States.

Furthermore, experimentation with a view
towards scaling up and incentives towards larger-
scale demonstration projects are necessary for tack-
ling what was broadly seen by our set of experts, and
more generally in the literature (Beuttler et al 2019,
Fuhrman et al 2021, Madhu et al 2021, McQueen et al
2021, Erans et al 2022, McCormick 2022) as the key
limiting factor for DACCS deployment: cost. Indeed,
the experts in our sample (e.g. R002, R004, R008,
R0O12, R059, R071, R082, R093, R109, R120, R124,
R125) repeatedly highlighted the need for per-tonne
costs to come down—though with some disagree-
ment about how far costs would need to decline for
DACCS to be viable. Pointing to its potential reliance
on government support, R057 for instance under-
scored the risk of DACCS ‘draining the treasury if
costs do not come down’, with likely follow-on effects
for its social acceptance legitimacy (see section 4.10).
In addition, while energy use was a recurring theme
in these discussions (see section 4.6), high costs of
DACCS were also a result of the high water use
of some approaches, the strong need for capital
infrastructure as well as the costs for processing the
materials that were the outcome of DACCS. On this
point, R081 lamented the inability of those outside
of companies to subject DACCS processes to closer
inspection:

Direct air capture might be a problem,
but nobody knows because this techno-
logy is shrouded in secrecy. It’s all pat-
ented; we don’t know.

More broadly, R046 was critical of how much the
current cost numbers around DACCS could be trus-
ted in view of what they deemed to be inconsistencies:

I just don’t trust any cost numbers, well,
any of these future cost numbers out
there, because I think most of them are
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Table 4. Summary of expert statements concerning the importance of scale and experimentation for DACCS.

Respondent Statement

R064 So, I think we are working on it now because we need to scale up to mid-century, but I think we do not
really know what the technology will look like in mid-century. It may or may not resemble the stuff that’s
being talked about now. We do not know which of those technologies will get through the ‘Valley of Death’ of
innovation. I think the same thing applies to the other major technological approaches to carbon removal.

R037 If it were possible, that could be a game-changer, because it scales and it is not dependent on using the land
and suchlike. That could be a remarkable way forward.

R048 In terms of investment, if you are investing in direct air capture and—it is a really early stage in that
field—if the technology improves and the costs go down, and carbon per tonne pricing makes it feasible, I
think that will scale up. Getting in now can be a really profitable investment opportunity.

RO51 There’s a limitation on policy funding at early stages. We need this now; otherwise, we will not get to

gigaton scale, no chance. If you want direct air capture to scale to gigaton scale and become cheap, you need
about a decade to make it an industry. Think of it like the car industry, the things are built by hand in
Switzerland or we have made a Tesla Roadster and we need to make a Model 3. Also, more crucially, the
Gigafactory for the Model 3. You cannot switch that on overnight. The same story with battery electric
vehicles, the same story with wind and solar, it will take time. We need to push now and not wait until it is
needed in the models because it will not be there, if that makes sense ... I think if you look at the IPCC
climate models, and go back to it becoming gigaton scale, this has to become bigger than the car industry or
the oil and gas industries. It is massive. ... it is also one of the industries that’s not massive. It has to become

massive; otherwise, we will not make the goals.

RO58 The sorbents themselves, again, similar to BECCS, there needs to be innovation in the scale-up and the
making-cheaper of the sorbents in both cases of lower-temperature amine sorbents and the
higher-temperature strong-base hydroxide sorbents. Again, that will come from essentially the chemical
engineering innovation that comes from manufacturing stuff at greater and greater scales, hopefully
benefiting from the economies of plants-scale, the supply-chain economies that will come from sourcing the

chemical inputs at larger scales and so on.

R082 This is used almost as a buzzword, and to be at climate-relevant scales, you need large plants. So in our
analysis, for example, we consider a 100 kilowatt per year plant and a 1 mega-tonne per year plant to look
at the cost differences, and it appears that solids costs do not change as much for the smaller plants. So the
scaling is more or less linear. But for liquids, they definitely benefit from larger plants.

R120 We need to develop new technologies that do the same job but better, but that’s a known unknown where
we know these kinds of new technologies will be invented, but we just need to speed up the discovery process.

Source: Authors, based on expert interviews (N = 125).

self-serving. We have a lot of experience
that, until you get to the commercial
stage, the price usually rises from your
cost estimates as you start dealing with
reality.

The issue of the costs of DACCS will remain a live
topic for the foreseeable future, therefore making fur-
ther experimentation and demonstration especially
crucial.

4.4. Co-develop with point-source capture,
transport, and storage

New DACCS approaches rely on much of the same
energy, storage, and utilization infrastructures as
point-source carbon capture—which was already
introduced to climate policy in 2005, and upscaling
of which has been slow to date (Martin-Roberts et al
2021). Deploying DACCS requires building out CO,
transportation and storage infrastructure (Bui ef al
2018, Haszeldine et al 2018, Lane et al 2021). R117
suggested that this could begin with the capture of
flue gasses:

Capturing flue gases is the essential
thing we should be doing way more of,
right now, today with no question. That
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is where we should start. Eventually,
hopefully, we remediate all the flues that
we can and now we have got no altern-
ative but to start capturing from direct
air. But it should be in that order. We
should not be horsing around with dir-
ect air capture- we shouldn’t be trying to
scale it now anyway, maybe we should
be trying to exploit technologies. Either
way though, however we capture the
carbon, there is then the whole backend
infrastructure of pipelines and sequest-
ration facilities that is needed to be stood
up at the same time, in order to make
the capture step meaningful.

Such an approach would also add financial
longevity to pipelines, thereby encouraging much-
needed investment into this space through the secur-
ity afforded by being connected to a growth sector
like DACCS. Indeed, many experts (e.g. R115 and
R119) highlighted its sizable requirements in terms of
transport and substantial infrastructure as a crucial,
albeit underappreciated challenge for DACCS. On
this point, R119 enumerated how:
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Using it at a scale where you’re pump-
ing 1000 tonnes per second of CO,
underground—worldwide, that’s as
much as we’re emitting right now—
so say we get to 100 tonnes per second
worldwide, so it’s... You know, if you
have 1000 facilities you’re still doing
a tonne every 10 s. It just is mind-
boggling and that’s only 10% of our
current emissions. I mean just flat out
mind-boggling.

... I think that the studies are fairly
reliable, the capacity for large-scale safe
storage is there but the infrastructure
and the capacity and even the technical
development of how to do that safely at
that scale is huge.

4.5. Phase in a carbon price and sustained
governmental support

Carbon is ultimately a waste product, with a limited
scope of cascading uses (Bruhn et al 2016, Patricio
et al 2017), and as such needs to be treated, and
adequately priced, as a pollutant—in order to reduce
its occurrence and to encourage its removal. The his-
tory of pollution control suggests that waste removal
must be treated as a public good, or it will not
occur. According to this recommendation, DACCS
deployment therefore demands a suitably high car-
bon price to provide a signal to markets and encour-
age innovation, upscaling, and economies of scale—
such activities and aims must be underpinned by
strong government funding, incentives, and regula-
tion (Honegger and Reiner 2017, Cox and Edwards
2019, Schenuit et al 2021, Meckling and Biber 2021).
As a promising sign, in 2022, voluntary carbon mar-
kets began differentiating by type of activity or off-
set and gave the most value to carbon removal pro-
jects. The average carbon credit price for carbon
removal (about $20 per ton) was more than twice
that for nature-based removal ($10) and about four-
times more than renewable energy (about $5 per ton)
(Sustainable Finance Lab 2022).

Alternatively, direct air capture technology could
circumvent market incentives altogether through dir-
ect state investment. Among other benefits, such sup-
port would be essential for speeding up the dis-
covery process and enable start-ups in this space
to get through the “Valley of Death’ mentioned in
section 4.3.

R106 argued in favor of consistent international
market policy by suggesting that:

Policy makers always think they can
switch off, switch on, these markets as
they wish, but this will not work in the
long term.... Again, it’s clear that any
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option that is linked to geological storage
just incurs cost. There is no commercial
benefit of any of these geological storage
options.

R086 concurred and said that:

I¥’s the regulation [which is crucial]. For
actors to thread the needle on how to
get to scale. You need all these differ-
ent pieces. We're doing as much as we
can on our business model, our techno-
logy, all these, the predictability of the
revenues of the plants to make it easy
to borrow. All those things all have to
come together to get to scale and to get
over the ‘Valley of Death’, or the chasm,
whatever you want to call it. We think
that’s really the challenge we have, so far
more than just technology, right?

4.6. Couple with renewables

In the near to medium term, there could be trade-
offs between uses of renewable energy to power either
new DACCS systems or global energy needs (Beuttler
et al 2019, Creutzig et al 2019, Realmonte et al 2019).
Moreover, upscaling renewable energy would require
tremendous material and spatial resources (Fuhrman
et al 2020). Global renewable energy capacities must
be built up to present synergies between DACCS and
other needs. In the nearer term, DACCS systems must
be piloted and scaled in areas with surplus renewables,
in part, as stressed by many experts (e.g. R008, R047,
RO51, R071, R082, R086, R121), as a way to keep the
costs of DACCS down by making use of cheap sources
of available energy. Innovative couplings of direct air
capture with hydroelectricity in Canada and Norway
and with geothermal energy in Iceland are already
being developed or even deployed, along with poten-
tial couplings with wind energy in Texas and solar
energy in New Mexico. Regional deployment across
the UK must consider other geographically relevant
couplings with renewable energy, possibly in line with
the devolved powers, for instance with wind energy
in Scotland or even tidal and marine energy in North
Wales. Our respondents expressed strong concerns
about DACCS and renewables in table 5, noting that
renewable energy ‘makes more sense, that it must be
coupled to renewables to be environmentally sound,
but also that policymakers need to account for some
of the possible negative externalities from renewables,
especially solar photovoltaics (PV).

4.7. Harness hub deployment

Sufficient capacity for CO, storage is only available
in certain countries, and social acceptance will differ
by location. Underscoring the differences in national
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Table 5. Summary of expert statements concerning renewable energy and DACCS.

Respondent

Statement

R115

R0O59

R027

R032

For DAG, it is really just getting that very dilute, all the volumes of very dilute air, in contact with the
material. That’s the challenge. Then, ultimately, making sure we have enough renewable energy to do this
all, and making the determination: if using renewable energy to power a DAC system actually makes more
sense than using renewable energy as just the energy source, because eventually there’ll be a competition if
we really see wide-scale deployment of DAC systems.

I think with DAC, what that means is, given the enormous quantity of energy that a very large-scale DAC
could mean in terms of energy usage, we need to be very aware of what the broader environmental impacts
of the energy sources that are specifically used for DAC might be, and there I think about mineral resources
and so on that go into wind-turbine manufacture. I think about local environmental degradation that
might come from massive manufacture of PV panels.

Certainly, there is a very strong argument to say that direct air capture is not even a thing without
renewable energy provision on a scale that we do not currently have.

The Carbon Engineering approach is seeking to replace existing energy pathways to shift from liquid fossil
fuels to liquid zero-carbon fuels. In contrast, something like Climeworks’ method in the long run is going to
need a low to zero-carbon energy source, because of course you use very large amounts of electricity, which
is one of the reasons it remains expensive. And in the long run, for that to scale up, it will need to tap into
scaled-up zero-carbon energy, or at least low-carbon energy. So, what systems even direct air capture could
couple with depend upon the particular techno-economic pathway that is envisioned.

Source: Authors, based on expert interviews (N = 125).

conditions that exist, RO17 contrasted the storage

potential of Japan and Saudi Arabia:

In the case of Japan, there’s not much
high potential of storage potential. So,
storing CCS in Japan is very limited,
so it comes to the question of where to
dispose the CO, to. Many of the gov-
ernment experts are actually arguing to
send the CO; to some other countries,
which sounds ridiculous and it sounds
very costly.

... It doesn’t make sense, econom-
ically, to deploy DACCS in Japan and
send the CO, somewhere to storefit. I feel
it’s better to actually deploy the DACCS
in Saudi Arabia and the Japanese gov-
ernment or a Japanese company pays for
that, to help and store that. That’s more
economical and politically viable.

RO12 added that:

In the UK, the decarbonization of
industry is what’s driving where the
CCS clusters are being developed. That’s
what’s driving it and so your BECCS
is then fitting into that after the event,
so a bit like in the US with their
established bioenergy there. Your estab-
lished systems will also shape how and
why. It’s those couplings will mean cer-
tain BECCS or DACCS routes, or cer-
tain natural carbon storage routes, will
flourish in certain environments that
are a lot harder in others because of
pre-existing infrastructure, pre-existing
skills base, technology skills base. Like,
the US has a lot of potential because
of the amount of EOR, the amount
of pipe networks with CO, to switch
quite quickly to BECCS and DACCS,

For those experts focused on countries where
storage potential was greater, however, there was
much to discuss about how this might occur. Look-

but obviously you need the political will,
as well, to make that happen in that
context.

ing at the UK, R065 stated that:

I think [the UK] government sees that
the locations that are most likely can-
didates for CO, transport and storage
clusters, tend to be areas where you have
legacy industries. Where, in the level-
ing up agenda, you would target invest-
ment. So, there is seen to be quite a
nice potential alignment between devel-
opment of transport and storage and
zero and potentially negative carbon
industries with the leveling-up agenda,
definitely.
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Hubs and spokes—where a large storage site
serves as a hub or anchor for a region, with differ-
ent spokes transiting carbon to it—should therefore
be envisioned, cultivated, and then utilized. Hubs and
spokes could be used to transport and store CO,,
including through the kind of ‘Projects of Common
Interest’ approach utilized for renewable energy facil-
ities, cross-border electric transmission networks, or
smart grids—which identifies critical cross-border
projects for energy infrastructure, providing them
with more streamlined procedures for permitting
and environmental assessment as well as access to
financial assistance (European Commission 2021).
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Greater freedom of distribution could thereby be cre-
ated for CO, transportation and storage infrastruc-
ture by developing a similar framework, with pos-
sible support occurring under the auspices of the
Trans-European Networks for Energy Regulation, or
the Leveling Up agenda in the UK (UK Government
2022).

4.8. Maintain separate targets

Metrics and emissions baskets should distin-
guish between permanent carbon removal and
conventional-emissions reductions, in order to pre-
vent fungibility between measurements of carbon
removal and mitigation activities and avoid the
impression that the former can be understood to
substitute for the latter (McLaren et al 2019). R055
noted that:

Then the whole question of overshoot,
I guess, just neglects so many differ-
ent dimensions of the difference between
direct emission reductions and CDR. So,
it’s not so much cheating as kind of con-
venient and creative accounting... by
investing all your faith in these equival-
encies that you have to come up with
things like additionality guarantees, to
make the equivalence work, that are
impossible to do.

R098 added that:

I proposed it early on as well ... to make
a clear delineation between emissions
reductions and removal targets so that
you don’t create the illusion you’re just
going to build up a second system that
removes all the stuff that you continue
to put into the atmosphere.

R065 also supported the idea that:

You should have separate targets for
emissions reductions and removals. In
order to manage some of the risks,
primarily about removals being used in
place of emissions reductions in a non-
optimal manner—however you want to
define optimal.... there’s quite a lot of
confusion sometimes between offsets as
a traded unit. So, carbon-offset cred-
its and removals ... you need transpar-
ency over the plans to achieve targets.
You need to set out how much removal,
how much emissions reductions, from
which technologies, how much offset-
ting. What are you going to do with
the carbon you’re storing? And then that
addpresses risks across the whole portfolio
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and it’s not an emissions thing or a
removal thing.

Net targets must therefore be accompanied by
ambitious mitigation action in the near term and
safeguards for the role of high-integrity, permanent
engineered carbon removal (Smith 2021).

4.9. Embrace certification and compliance

Metrics and emissions baskets should distinguish
between carbon capture taking place at different
locales, through different means, and for different
lengths of time, to avoid ‘false equivalences’ (Carton
et al 2021). We must develop systems for monit-
oring and management of captured CO,, whether
this occurs through nature-based methods like affor-
estation or soil management, along supply chains,
and/or between sectors (Clery et al 2021, Terlouw
et al 2021). R103 elaborated on this theme, noting
that:

We need broad assessments, so, when
you’re evaluating CDR, that the car-
bon accounting is only one dimension.
All these side-effects that come up from
what we call the ‘misplaced fungibility’
of assuming that a ton of carbon in a
forest in the Congo is the same as a ton
of carbon in a field in Britain or a ton of
carbon drawn out of the atmosphere in
Canada.

R115 added that:

Lifecycle analysis is critical too because
we don’t want to act like we’re actually
removing CO, from the atmosphere,
but, when you look at it from the life-
cycle perspective, youre actually not
doing that. If you’re using a solid sorbent
system, and you’re stacking these fans
up and it’s taking acres and acres, or
tens of acres, hundreds of acres of land,
all of the emissions—lifecycle emissions
that are going to come from just pro-
ducing all that material—all need to be
factored in.

Certification should be sufficiently granular to
differentiate on the source of CO, and the degree
of permanence of storage. Robust certification is
essential given the narrow timeline for climate mit-
igation, the need for transparency and trust, and
so that integration into compliance frameworks
for high-integrity, sufficiently permanent carbon
removals can be attained by 2025. In carbon account-
ing and accreditation, it is important to ensure
that ‘residual’ emissions from ‘hard-to-abate’ sec-
tors are robustly calculated (Buck 2021b). Many
industries will have incentives to conduct ‘creative
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Table 6. Summary of expert statements concerning DACCS and social acceptance, involvement, and equity.

Respondent

Statement

R006

R029

RO56

RO65

RO68

R052

Certainly, there’s an environmental justice component here [with DACCS], for fence-line communities. But
yes, I think the workers would be stakeholders, obviously. The industries themselves, both the DACCS
companies and whatever companies are presumably paying them to offset their emissions or offset their
historical emissions, in the case of Microsoft.

If you are thinking about something like direct air capture, where there is going to be new siting for these
things, or if there are going to be land-use changes that are having to be widespread, I think siting concerns
are going to be a big policy consideration of how are we going to decide where these go and how are we
going to work with communities in a way to get them to accept it.

At the moment, the best scheme seems to be to put it under ground. So, you have to find places where the
communities do not mind that you are going to put this stuff underground. Climeworks are doing it in
Iceland and there are various surveys in the States, for example, of individual states which have access to
underground storage.

So, I am guessing that, depending where those places are, the communities would say, ‘Well, we do not
really like that underground. Certainly, in the EU, I think the feeling is that they do not want to store
carbon dioxide under land. So almost certainly, what will happen is, they will pipe carbon dioxide to the
North Sea and store it in undersea formations below the North Sea. I can see there being a community
concern about storing carbon dioxide under land.

People, when you talk to them about DAC, yes, they can accept it, but with reservations, and it tends to be
A, ‘Well, are you using this as an excuse to not do what you should on emissions reduction?” And B, it is not
dealing with the root cause.

I think my general feeling is we tend to get ourselves in trouble if we think we can just rush forward without
including local communities, so I would be worried about what’s the thing? Once trust is lost, it is hard to
rebuild. That’s what I would worry most about, is that all it takes is one project going awry. That will be
amplified in news and social media and can sour other projects, as well.

I think understanding the job and workforce opportunities associated with having these plants built and
maintained nearby and also just how integrated. .. how accessible is this technology? Can it be integrated
into a community in some way where there’s interface or is it going to be something that is removed from a
community, a very sterile piece of technology in the middle of the desert and then we have people drive there
to work, but there is not, kind of, that interface? So, I think that some of these social perceptions of it will
seem, kind of, like soft parameters, but, at the end of the day, can shape a lot about its political viability and

even, kind of, the future of how this technology looks.

Source: Authors, based on expert interviews (N = 125).

accounting, exacerbating the double-counting and
limited additionality of emission reductions (Carbon
Market Watch 2021).

4.10. Recognize issues of social acceptance,
legitimacy, and justice

DACCS will not thrive in areas where it does not
have social acceptance or a social license to oper-
ate, whether from those in the ‘fence-line communit-
ies’ around plants in operation or those living in
the vicinity of pipeline infrastructure or storage loc-
ations (Wolske et al 2019, Cox et al 2020, Jobin and
Siegrist 2020). This could entail avoiding fraught
associations of DACCS with offering support to the
fossil-fuel industry, for instance, through its being
used for enhanced oil recovery, or that it substitutes
for, and reduces the necessity of, emissions reduc-
tions (Cox et al 2020, Jobin and Siegrist 2020, Wenger
et al 2021). Germany and Austria offer examples
where the issue of CO, storage is fraught, limiting
the potential for transportation and storage services
up to the North Sea (Schumann et al 2014, Buck
2021a, Merk et al 2022), not to mention of develop-
ing the kinds of supply chains for DACCS to attain
economies of scale and become cost effective. Table 6
raises a host of concerns around social acceptance,
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legitimacy, justice, community involvement, and
equity.

Public and regulatory engagement in line with the
principles of a just transition and devolved powers
(in the case of countries with a federal type of gov-
ernment) is thus crucial for building legitimacy and
trust. This connects back to the need for engaging
sectors and locales in transition out of the fossil-fuel
economy, whereby carbon can be transported out of
areas where storage may not be possible, and fos-
tering novel connections and supply chains at the
heart of a post-carbon society. Further, the issue of
public acceptability demands that considerations of
equity and justice be brought to the fore, notably,
by ensuring that one group or geographic region not
be overly burdened with costs or risks entailed by
DACCS, but rather promoting a more globally and
societally equitable sharing of risks as well as benefits
(Pozo et al 2020, Batres et al 2021, Lenzi et al 2021,
Mohan et al 2021).

5. Discussion and conclusion
In sum, a preponderance of evidence from our

global expert-interview exercise suggests that for
DACCS technologies to scale, accelerate, be used
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Table 7. Summary of ten recommendations for Direct Air Capture policy.

No. Recommendation Explanation

1 Follow principles that ensure Ensuring atmospheric carbon removal, permanent storage,
‘negative’ emissions monitoring across the lifecycle and net reductions of CO,

2 Prioritize long-term carbon Giving precedence to long-term storage of CO; over short-term
storage applications like enhanced oil recovery

3 Appreciate scale and incentivize Moving towards large-scale demonstration projects with
experimentation ambitious and binding targets

4 Co-develop with capture, Investing in access CO; transportation and storage infrastructure.

transport, and storage

It also adds financial longevity to pipelines, given it is a growing
industry

Setting a robust and reliable carbon price so that carbon removal
has a more substantial value proposition and market value
Integrating DACCS with locally appropriate and renewable
sources of electricity and heat

Utilizing hubs and spokes and Projects of Common Interest-style
approaches to transport and store CO;

Separating metrics and emissions baskets between permanent
carbon removal and conventional-emissions reductions
Establishing robust certification for carbon removal and integrate

5 Phase in a carbon price

6 Couple with renewables

7 Harness hub deployment

8 Maintain separate targets

9 Embrace certification and
compliance

10 Recognize social acceptance

into compliance frameworks
Recognizing DACCS deployment will not occur without social

legitimacy and acceptability

Source: Authors, based on an expert interview exercise (N = 125). DACCS = direct air capture with carbon storage. CO, = carbon

dioxide.

safely with fewer risks, and to meet climate goals,
while not undermining climate-mitigation activit-
ies, it needs to be steered by at least ten interla-
cing policy reforms and engagement activities, sum-
marized in table 7. These create an integrated policy
mix of mechanisms, governance arrangements and
policy support at a range of scales, and stakeholder
outreach.

Given that table 7 offers a comprehensive archi-
tecture for DACCS policy, it can also be interpreted,
subtly, as a way to understand what should not be
done, that is, policy mixes that are not synergistic
or could result in less effective governance or min-
imal social acceptance. That is, DACCS pathways and
policy incentives should avoid doing the inverse of
our recommendations, which could culminate, inter
alia, in a poor governance regime and deployment in
the absence of social legitimacy and social license to
operate which would likely see DACCS mismanaged,
governance fail, and the risks outweigh the benefits,
with the former likely falling unequally across soci-
eties and around the globe. A sub-optional policy
mix or toolkit would therefore involve implementing
DACCS while:

e Ignoring governance principles and focusing only
on market drivers or competition issues;

e Prioritizing near-term applications (enhanced oil
recovery, industrial applications and uses of CO,)
with little regard for long-term consequences on
the climate;

e Seeking to ambitiously overscale or scale up
DACCS projects without providing adequate sup-
port for learning and experimentation;
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o Treating DACCS research and deployment as isol-
ated from carbon capture, transport, and storage;

o Attempting to deploy DACCS systems without a
stable or reliable price on carbon, or other form of
robust policy support to make the technology fin-
ancially viable;

e Coupling DACCS with fossil fuels (coal, oil, natural
gas) or brown or blue forms of hydrogen;

e Pursuing discrete DACCS projects rather than
employing interconnected hubs or projects of
common interest to leverage more comprehensive
gains, including for areas and sectors in transition;

e Conflating targets for climate mitigation with the
use of DACCS at the risk of weakening or even
counteracting incentives to decarbonize;

e Working out transparent and reliable schemes for
certification and compliance only after deployment
reaches a certain scale;

e Failing to recognize community and social con-
cerns, leading to strong opposition and even
moratoria in particular locations as well as forego-
ing the potential for local co-benefits.

Following these detrimental practices would
likely result in DACCS deployment that could either
be halting or never occur (in the absence of adequate
learning and experimentation, scaling, and innova-
tion), or would unnecessarily aggravate the climate
crisis if it did occur. It could also result in fractious
conflicts with host communities and become quickly
stigmatized as a technological debacle.

Critically, our article only examines suggestions
for policy and governance at the local, national, and
regional level, thatis, what planners and policymakers
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at these various scales can or should do to steer
DACCS deployment. We do not however consider
global or transregional issues such as geopolitics or
the differential potential of carbon removal across
nations to a great extent, in part given the lack of
discussion of such issues among our expert sample.
We do nonetheless encourage future research teams
to explore such topics. It could very well be that
future DACCS governance is also shaped by distinct
energy or decarbonization ‘cultures’ that mediate
the interrelationships of policy-related attributes with
other normative, material, or institutional attributes
(Stephenson et al 2020). Or, that DACCS deployment
is strongly influenced by ‘architectures of constraint’
such as its dependency on fossil fuel extraction or
coal, a lack of democratic norms or exposure to cor-
ruption, or a lack of public climate awareness or low
levels of trust (Lamb and Minx 2020). Analysis in
these directions would complement ours and lead to a
deeper comprehension of both the political economy
and global governance dynamics of DACCS.

Nevertheless, at this pivotal moment for both
climate policy and the nascent state of DACCS
technology, which bundle of governance and innov-
ation practices, best-case or worst-case, will accom-
pany and accommodate future pathways is greatly
unknown. And therein lies the promise of stronger
DACCS policies, and the peril of failing to implement
them.

Data availability statement

The data generated and/or analysed during the
current study are not publicly available for legal/
ethical reasons but are available from the correspond-
ing author on reasonable request.

Acknowledgments

This project has received funding from the European
Union’s Horizon 2020 research and innovation pro-
gramme under the European Research Council (ERC)
Grant Agreement No. 951542-GENIE-ERC-2020-
SyG, ‘GeoEngineering and Negatlve Emissions path-
ways in Europe’ (GENIE). The content of this deliv-
erable does not reflect the official opinion of the
European Union. Responsibility for the information
and views expressed herein lies entirely with the
author(s). The authors also thank Helen Bray and
Amy Ruddock from Carbon Engineering Ltd for help-
ful comments and discussion on earlier drafts.

Ethics statement

The research was conducted in accordance with the
principles embodied in the Declaration of Helsinki
and in accordance with local statutory requirements,
including double ethics approval granted by Aarhus

19

B K Sovacool et al

University as well a the European Research Coun-
cil. All participants provided informed consent to
participate in the study. No children under the age of
16 were involved in data collection. In order to protect
participant anonymity, we do not attribute any of the
qualitative quotes used in the article.

ORCID iD

Benjamin K Sovacool
0002-4794-9403

https://orcid.org/0000-

References

AbdulRafiu A, Sovacool B K and Daniels C 2022 The dynamics of
global public research funding on climate change, energy,
transport, and industrial decarbonization Renew. Sustain.
Energy Rev. 162 112420

Anderson K and Peters G 2016 The trouble with negative
emissions Science 354 1823

Babiker M et al 2022 Cross-sectoral perspectives IPCC, 2022:
Climate Change 2022: Mitigation of Climate Change.
Contribution of Working Group II1I to the Sixth Assessment
Report of the Intergovernmental Panel on Climate Change ed
P R Shukla et al (Cambridge: Cambridge University Press)
(https://doi.org/10.1017/9781009157926.005)

Batres M, Wang F M, Buck H J, Kapila R, Kosar U, Licker R,
Nagabhushan D, Rekhelman E and Suarez V 2021
Environmental and climate justice and technological carbon
removal Electr. J. 34 107002

Baum C M, Low S and Sovacool B K 2022 Between the sun and
Us: expert perceptions on the innovation, policy, and deep
uncertainties of space-based solar geoengineering Renew.
Sustain. Energy Rev. 158 112179

Bednar J, Obersteiner M, Baklanov A, Thomson M, Wagner F,
Geden O, Allen M and Hall ] W 2021 Operationalizing the
net-negative carbon economy Nature 596 377-83

Bertram C, Quaas M, Reusch T B H, Vafeidis A T, Wolff C and
Rickels W 2021 The blue carbon wealth of nations Nat.
Clim. Change 11 704-9

Beuttler C, Charles L and Wurzbacher J 2019 The role of direct air
capture in mitigation of anthropogenic greenhouse gas
emissions Front. Clim. 110

Bickle M J 2009 Geological carbon storage Nat. Geosci. 2 8158

Bruhn T, Naims H and Olfe-Krautlein B 2016 Separating the
debate on CO; utilisation from carbon capture and storage
Environ. Sci. Policy 60 38—43

Buck H J 2021a Social science for the next decade of carbon
capture and storage Electr. J. 34 107003

Buck H J 2021b Ending Fossil Fuels: Why Net Zero Is Not Enough
(London: Verso Books)

Budinis S 2021 Direct air capture: more efforts needed [WWW
document] (IEA) (available at: www.iea.org/reports/direct-
air-capture) (Accessed 3 April 2022)

Bui M, Adjiman C, Bardow A, Anthony E J, Boston A, Brown S
and MacDowell N 2018 Carbon capture and storage (CCS):
the way forward Energy Environ. Sci. 11 1062

Burke T, Rowland C, Whyatt ] D, Blackburn G A and Abbatt ] 2021
Achieving national scale targets for carbon sequestration
through afforestation: geospatial assessment of feasibility
and policy implications Environ. Sci. Policy 124 279-92

Caldeira K, Bala G and Cao L 2013 The science of geoengineering
Annu. Rev. Earth Planet. Sci. 41 231-56

Carbon Market Watch 2021 FAQ: deciphering Article 6 of the
Paris Agreement (available at: https://carbonmarketwatch.
org/2021/12/10/faq-deciphering-article-6-of-the-paris-
agreement/)

Cartier KM S 2022 Good news: rocks crack under pressure from
mineral CO; storage Eos 103


https://orcid.org/0000-0002-4794-9403
https://orcid.org/0000-0002-4794-9403
https://orcid.org/0000-0002-4794-9403
https://doi.org/10.1016/j.rser.2022.112420
https://doi.org/10.1016/j.rser.2022.112420
https://doi.org/10.1126/science.aah4567
https://doi.org/10.1126/science.aah4567
https://doi.org/10.1017/9781009157926.005
https://doi.org/10.1016/j.tej.2021.107002
https://doi.org/10.1016/j.tej.2021.107002
https://doi.org/10.1016/j.rser.2022.112179
https://doi.org/10.1016/j.rser.2022.112179
https://doi.org/10.1038/s41586-021-03723-9
https://doi.org/10.1038/s41586-021-03723-9
https://doi.org/10.1038/s41558-021-01089-4
https://doi.org/10.1038/s41558-021-01089-4
https://doi.org/10.3389/fclim.2019.00010
https://doi.org/10.3389/fclim.2019.00010
https://doi.org/10.1038/ngeo687
https://doi.org/10.1038/ngeo687
https://doi.org/10.1016/j.envsci.2016.03.001
https://doi.org/10.1016/j.envsci.2016.03.001
https://doi.org/10.1016/j.tej.2021.107003
https://doi.org/10.1016/j.tej.2021.107003
https://www.iea.org/reports/direct-air-capture
https://www.iea.org/reports/direct-air-capture
https://doi.org/10.1016/j.envsci.2021.06.023
https://doi.org/10.1016/j.envsci.2021.06.023
https://doi.org/10.1146/annurev-earth-042711-105548
https://doi.org/10.1146/annurev-earth-042711-105548
https://carbonmarketwatch.org/2021/12/10/faq-deciphering-article-6-of-the-paris-agreement/
https://carbonmarketwatch.org/2021/12/10/faq-deciphering-article-6-of-the-paris-agreement/
https://carbonmarketwatch.org/2021/12/10/faq-deciphering-article-6-of-the-paris-agreement/
https://doi.org/10.1029/2022EO220064



https://doi.org/10.3389/fclim.2021.664130
https://doi.org/10.1088/1748-9326/ac4656
https://doi.org/10.1088/1748-9326/ac4656
https://doi.org/10.1016/j.gloenvcha.2021.102369
https://doi.org/10.1016/j.gloenvcha.2021.102369
https://doi.org/10.1080/14693062.2019.1634509
https://doi.org/10.1080/14693062.2019.1634509

10P Publishing

Environ. Res. Lett. 17 (2022) 074014

Tanzer S E and Ramirez A 2019 When are negative emissions
negative emissions? Energy Environ. Sci. 12 1210

Terlouw T, Bauer C, Rosa L and Mazotti M 2021 Life cycle
assessment of carbon dioxide removal technologies: a
critical review Energy Environ. Sci. 14 1701-21

UK Government 2022 Levelling Up the United Kingdom (CP 604)
(London: UK Government) (available at: www.gov.uk/gov
ernment/publications/levelling-up-the-united-kingdom)

UNESCO 2021 The Race Against Time for Smarter Development
(New York: United Nations Educational, Scientific, and
Cultural Organization)

B K Sovacool et al

Wenger A, Stauffacher M and Dallo I 2021 Public
perception and acceptance of negative emission
technologies—framing effects in Switzerland Clim. Change
167 53

Wilcox J, Psarras P C and Liguori S 2017 Assessment of reasonable
opportunities for direct air capture Environ. Res. Lett.
12 065001

Wolske K S, Raimi K T, Campbell-Arvai V and Hart P S 2019
Public support for carbon dioxide removal strategies: the
role of tampering with nature perceptions Clim. Change
152 345-61

22


https://doi.org/10.1039/C8EE03338B
https://doi.org/10.1039/C8EE03338B
https://doi.org/10.1039/D0EE03757E
https://doi.org/10.1039/D0EE03757E
https://www.gov.uk/government/publications/levelling-up-the-united-kingdom
https://www.gov.uk/government/publications/levelling-up-the-united-kingdom
https://doi.org/10.1007/s10584-021-03150-9
https://doi.org/10.1007/s10584-021-03150-9
https://doi.org/10.1088/1748-9326/aa6de5
https://doi.org/10.1088/1748-9326/aa6de5
https://doi.org/10.1007/s10584-019-02375-z
https://doi.org/10.1007/s10584-019-02375-z

	Climate policy for a net-zero future: ten recommendations for Direct Air Capture
	1. Introduction
	2. Brief background and literature review
	2.1. The technical basis for direct air capture
	2.2. Challenges and projections of affordability

	3. Research design: qualitative expert interviews
	3.1. Data collection and sampling
	3.2. Data analysis
	3.3. Limitations

	4. Ten principles for direct air capture policy
	4.1. Follow key principles for ensuring `negative' emissions
	4.2. Prioritize long-term carbon storage
	4.3. Appreciate scale and incentivize experimentation
	4.4. Co-develop with point-source capture, transport, and storage
	4.5. Phase in a carbon price and sustained governmental support
	4.6. Couple with renewables
	4.7. Harness hub deployment
	4.8. Maintain separate targets
	4.9. Embrace certification and compliance
	4.10. Recognize issues of social acceptance, legitimacy, and justice

	5. Discussion and conclusion
	Acknowledgments
	References


