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Abstract

Negative emissions technologies and solar radiation management techniques could con-
tribute towards climate stability, either by removing carbon dioxide from the atmosphere
and storing it permanently or reflecting sunlight away from the atmosphere. Despite con-
cerns about them, such options are increasingly being discussed as crucial complements to
traditional climate change mitigation and adaptation. Expectations around negative emis-
sions and solar radiation management and their associated risks and costs shape public and
private discussions of how society deals with the climate crisis. In this study, we rely on a
large expert survey (N=74) to critically examine the future potential of both negative emis-
sion options (e.g., carbon dioxide removal) and solar radiation management techniques.
We designed a survey process that asked a pool of prominent experts questions about (i)
the necessity of adopting negative emissions or solar radiation management options, (ii)
the desirability of such options when ranked against each other, (iii) estimations of future
efficacy in terms of temperature reductions achieved or gigatons of carbon removed, (iv)
expectations about future scaling, commercialization, and deployment targets, and (v)
potential risks and barriers. Unlike other elicitation processes where experts are more
positive or have high expectations about novel options, our results are more critical and
cautionary. We find that some options (notably afforestation and reforestation, ecosystem
restoration, and soil carbon sequestration) are envisioned frequently as necessary, desir-
able, feasible, and affordable, with minimal risks and barriers (compared to other options).
This contrasts with other options envisaged as unnecessary risky or costly, notably ocean
alkalization or fertilization, space-based reflectors, high-altitude sunshades, and albedo
management via clouds. Moreover, only the options of afforestation and reforestation and
soil carbon sequestration are expected to be widely deployed before 2035, which raise very
real concerns about climate and energy policy in the near- to mid-term.
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Table 1 Introducing 20 negative emissions and solar geoengineering options

Negative emissions and carbon removal Solar radiation management and geoengineering
Afforestation and reforestation Stratospheric aerosol injection

Soil carbon sequestration Marine cloud brightening

Biochar Cirrus cloud thinning

Bioenergy with carbon capture and storage (BECCS) Space-based (extra-terrestrial) reflectors
Enhanced weathering Albedo modification via human settlements
Ocean alkalinization or fertilization Albedo management via grasslands and crops
Blue carbon and seagrass Albedo management via deserts

Ecosystem restoration Albedo management via clouds

Direct air capture and storage (DACCS) Ice protection

Carbon capture utilization and storage (CCUS) High altitude sunshades

Source: Authors

1 Introduction

Carbon dioxide removal is coming to be viewed as important if not essential for reduc-
ing global temperate change or meeting the longer-term targets embedded in the Paris
Accord (IPCC 2018). A strong majority of integrated assessment modeling scenarios dis-
cuss the widespread use of bioenergy with carbon capture and storage for meeting net-
zero targets, finding that it could absorb more than 1000 GtCo2 between now and the end
of the century, essentially doubling the carbon budget available to human society (Fuss
et al. 2014). Its deployment is also seen as a cost-effective, climate-neutral opportunity in
policy regimes such as the USA (Sanchez et al. 2015) or Sweden (Ministry of the Environ-
ment 2020). Other carbon dioxide removal techniques such as afforestation or soil man-
agement can enhance carbon uptake and be implemented more quickly than the time it
takes to build some climate-mitigation actions (such as building large-scale nuclear power
plants) (Houghton et al. 2015). Enhanced weathering could draw down atmospheric levels
of carbon to the point where ocean acidification is effectively ameliorated by the end of the
century (Taylor et al. 2016).

Other researchers have argued that humanity must seriously consider solar radiation
management as a geoengineering technique to better address climate change (Keith 2013;
National Academies of Sciences Engineering, and Medicine 2021). For example, strato-
spheric aerosol injection could serve as an emergency measure to slow the risk of global
warming or create a stop-gap period of adjustment that gives countries time to adapt to the
impacts of climate change (Barrett et al. 2014). Other options such as marine cloud bright-
ening or cirrus cloud thinning could reduce the risk of pending “tipping points” in the cli-
matic system, and diversify the portfolio of options we have to arrest suspected increases in
temperature (Sovacool 2021).

Collectively, a surprising abundance of both carbon removal and solar radiation man-
agement techniques are available for consideration. On the negative emissions and carbon
removal side, these include the 10 options in Table 1 (Sovacool 2021; Low et al. 2022a;
Sovacool et al. 2022). On the solar radiation management side, these include the other ten
options in Table 1 (Baum et al. 2022; Low et al. 2022b).

Despite the increasing importance of these 20 combined options in the recent literature,
they remain highly contested. Large-scale deployment of bioenergy with carbon capture and
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storage would necessitate significant changes in land use including potential interference
with agriculture and cropland (Obersteiner et al. 2018). Other strategies such as DACCS or
enhanced weathering face barriers related to adequate underground storage of carbon dioxide
as well as competition with biodiversity protection (Vuuren et al. 2018). Afforestation and
reforestation efforts face significant issues concerning their permanence, negative impacts on
local communities by losing access to common resources, and biodiversity impacts of mono-
cultures (to name only a few) (Thomas et al. 2010; Galik et al. 2016; Dutschke et al. 2005). In
the extreme, critics suggest that negative emissions and radiation management options could
promote authoritarianism (Michaelowa 2021), or create a dangerous moral hazard that accel-
erates emissions (and consequent climate impacts) because policymakers believe foolhardily
they no longer need to mitigate emissions deeply or quickly (Anderson and Peters 2016; Bel-
lamy 2018; Vuuren et al. 2017). Some academics have even called for a treaty of “non-use”
that would prohibit the global deployment of solar geoengineering (Biermann et al. 2022).
Decarbonization options as a whole also face a broad array of sociotechnical barriers span-
ning misaligned behavioral attitudes and practices, poorly developed business models, lack of
policy guidance, and resistance from incumbents (Geels et al. 2017).

What is a policymaker to do? Expectations around negative emissions and solar radiation
management and their associated risks and costs shape formal and informal responses to the
climate crisis. In this study, we rely on a large expert survey exercise to critically examine
the perceived feasibility of both negative emission options (e.g., carbon dioxide removal) and
solar geoengineering options (e.g., solar radiation management). We designed an expert sur-
vey that asked a pool of 74 prominent experts questions about (i) the necessity of adopting
negative emissions or solar radiation management options, (ii) the desirability of such options
when ranked against each other, (iii) estimations of future efficacy in terms of temperature
reductions achieved or gigatons of carbon removed, (iv) expectations about future scaling,
commercialization, and deployment targets, and (v) potential risks and barriers. These five
dimensions are relevant given they cover some of the most pressing challenges and debates
facing carbon removal and solar radiation management, namely concerns about whether, how,
at what cost, and when deployment should occur, as well as other concerns that may arise if
and when deployment happens. To further justify these different dimensions, we engage with
the extant literature on them in each of the five subsections to better demonstrate findings but
also compare and contrast our own from the existing body of evidence.

Our primary contribution is both to report the results of the first expert survey we know of
examining the full suite of negative emissions and solar radiation management options (unlike
elicitations looking at one specific technology or pathway in isolation, e.g. (Dai et al. 2021;
Vaughan and Gough 2016)), and to create an established baseline of expert opinion which can
serve as useful benchmark by which to evaluate deployment and diffusion, including assump-
tions embedded into Integrated Assessment Models (Anderson and Jewell 2019; Braunreiter
et al. 2021; Pielke and Ritchie 2021). We provide original data and analysis about opinions on
the complementarity of these options, but also potential risks concerning individual and col-
lective deployment.

2 Research design
Our research design centered on a survey of expert opinion, adapted for personal safety

during the COVID-19 pandemic (done via an online medium, Zoom). This approach has
connections to expert elicitation, although our study does not meet the full requirements for
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expert elicitation, as we will explain below. But to provide some context, expert elicitation
involves a decision-science approach calling on “experts’—those with well-established
knowledge and judgments on a given topic—to identify relevant factors and support deci-
sions being made by private actors or public policymakers. Expert elicitation can make a
valuable contribution to informed decision-making (Morgan 2014). It has advantages over
other forms of qualitative data collection or stated preference techniques given it tends to
produce high-quality, transparent, and traceable knowledge on parameters for which there
is no established expert consensus (Usher and Strachan 2013). Expert elicitation can be
particularly effective when utilized to assess new or emerging technologies with high rates
of uncertainty (and possible forecasting bias) and a lack of agreement about cost and per-
formance (Abdulla et al. 2013; Anadon et al. 2016), a situation that we believe certainly
applies to both negative emissions technologies and solar geoengineering (Sovacool 2021;
Grant et al. 2021). Elicitation can finally offer valuable input into other techniques (that can
build on it) such as scenarios or forecasts (Wiser et al. 2021).

We call our study an expert survey because it does not meet the full requirements for a
formal expert elicitation. Some of the most intensive expert elicitations occur over hours to
days of time together as a group where experts deliberate through multiple rounds of “elici-
tation” to identify consensus, or areas of dissensus. More formal expert elicitations must
specify whether they are eliciting preferences or parameters, which are distinct elements.
In our survey, we only did one “round” of elicitation (the survey), in isolation (each expert
completed the instrument by themselves). Moreover, our survey involves both preferences
and parameters. For instance, we ask our experts to identify their preferred temperature
targets, one that limits climate change to what they would consider a non-dangerous level.
This is not a factual question, but a matter of preference. What is considered dangerous will
vary from expert to expert and depends on their preferences. Leaving our questions open
like this also makes deciphering parameters difficult, and it suggests we do not meet the
full criteria for a proper elicitation.

Our expert survey process involved selecting a pool of prominent experts, and then
arranging over Zoom for them to complete our survey instrument (shown in Appendix 1).
This questionnaire focused on different dimensions of negative emissions and solar geo-
engineering technologies, with topics including the necessity and desirability of interven-
tions, their efficiency and feasibility, expected timings about scaling and commercializa-
tion, and concerns about risks and barriers. As is apparent in Appendix 1, our instrument
relied on a range of forced-choice questions (requiring yes/no answers), ranking questions
(requiring respondents to rank options against each other), Likert-scale questions (requir-
ing respondents to assign a weighted answer to a question), and some open-ended ques-
tions (asking for respondents to input expected values related to things like date of com-
mercialization or cost). Our use of “the best—worst scaling methods” as well as ranking
and rating approaches offers an optimal technique to describe the relative desirability of
the various options, given that they actively ask respondents to choose best, second-best,
worst, second-worst (and so on) options (Erdem et al. 2012; Caputo and Lusk 2020; Jaeger
et al. 2008).

Our expert survey focused on the ten different negative emissions technologies
(grounded in the literature) as well as ten different solar engineering options (grounded
in the literature) mentioned in the Introduction, for a total of twenty options.' To be clear,
focusing simultaneously on both carbon dioxide removal and solar radiation management

! Because the project was limited at 20 options, we had to combine some techniques that are sometimes
treated as separate, e.g. ocean fertilization or alkalization, and afforestation with reforestation.
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is controversial. Nevertheless, there is a case to be made for looking at them comprehen-
sively, as some studies have done (Delina 2021; Honegger et al. 2021a, b). The nature of
our funding and premise of our entire GENIE project was to offer comparative analysis,
we have been explicitly funded to look at the full portfolio of climate protection and geo-
engineering pathways, without bias or predetermined conclusions about them. Our broad
approach across carbon dioxide removal (CDR) and solar radiation management (SRM)
technologies is matched to our data collection techniques, we asked respondents about all
options. That said, respondents could narrow their answers to only one or a few options,
although they were not prompted to do so. That is, we did not force respondents to be
either narrow or broad—we left the focus to them to which questions they felt competent
enough to answer. Many raised issues of splitting vs. lumping, and many also pointed out
that the same risks or actors or venues emerge across different CDR or SRM (or mitigation
or adaptation) approaches. Moreover, our project adheres to the “matching principle” in
environmental law (Butler and Macey 1996), which suggests the scale of a solution ought
to match the scope of the problem, there is therefore an urgent social need to examine
trade-offs within multiple options and across pathways. Lastly, our approach investigating
CDR and SRM has strong relevance to policy recommendations, as it mirrors the policy-
making dilemma of choosing options with limited resources and uncertainty. In the words
of one of our respondents, “nothing is more important for climate policy” than understand-
ing how CDR and SRM options might work together, or not.

Our recruitment and sampling of experts focused on a mix of advocates and critics,
although we invited only those who have published peer-reviewed research papers on
the topic, or published patents and intellectual property, within the past ten years (from
2011-2020). The lead author approached 125 experts via email to participate in our study,
with 74 agreeing to take part (a response rate of 59.2%). We then distributed our instru-
ment to these experts closely associated with negative emissions and/or solar geoengineer-
ing research or commercialization over the course of May to August 2021. Table 2 shows
an overview of the demographics of our sample, and Appendix 2 lists all 74 experts who
participated. Note that in some cases, experts did not answer every question (although each
question still had a majority of experts answer it); for this reason, we describe specific
respondent numbers in the captions of figures and data tables supplementing our analysis.
This also hedges against an expert’s potential ability to not be comfortable answering ques-
tions or parts of our exercise by which they did not believe they had sufficient knowledge
or experience; experts were encouraged only to answer questions by which they had suf-
ficient expertise to address. For this reason, the paper actively describes the number of
experts that answered each question (and it can be taken as an additional measure of self-
reported knowledge literacy among respondents, in that they are only providing answers
for questions which they believed they were an expert in).

One notable limitation to our sample of experts, given that they had to have published
in the peer-reviewed literature on negative emissions or solar geoengineering technologies,
is that they do reflect existing biases in the research community. There is for instance a
strong overrepresentation of experts from the United States (about 41%) and the Global
North, and only a small number of experts from Africa and Asia. This does mean that our
sample does not adequately represent the view of those in the Global South, an established
problem within this body of research (Biermann and Méller 2019). Furthermore, many
studies using qualitative data such as ours are not fully replicable, given that even repeating
our research design precisely (but at a later time period) would face complications over the
availability of experts (some might decline the invitation), the timeliness of answers (some
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Table 2 Summary of the demographics of experts who took part in our survey

Summary information No
No. of experts 74
No. of organizations represented 63
No. of countries represented 15
Cumulative years spent in innovation or research of negative emissions and/or solar geoengineering 810
Average years spent in innovation or research of negative emissions and/or solar geoengineering 6.8

No. of experts whose current position falls into the following areas:

Civil society and nongovernmental organizations 8
Government and intergovernmental organizations

Private sector and industrial associations 6
Universities and research institutes 56

Authors. Note: Appendix 1 shows precisely which experts had multiple roles, straddling constituencies

might change their answers), and the adaptability of answers (some may have changed their
views or thoughts since the time of the interview).

Moreover, we took an ethnographic approach that did not correct or problematize
responses, so we present the unadjusted views of participants, even if they may have had
misperceptions on specific points. This means our expert dataset is grounded on proposi-
tional knowledge under a situation of great uncertainty, and that our respondents are pre-
senting their “justified belief” rather than any sort of objective fact (Sovacool et al. 2022).
Indeed, one implication from our analysis is that no such objective fact or consensus exists
concerning CDR and SRM options within our pool of experts. In simpler terms, respond-
ent answers could be closer to “guesses” than “estimates.”

Finally, given the diversity of our expert sample, there is great variation in responses,
signified further by large standard deviations when one quantitatively assesses our data
(explored more in Appendix 3). That said, we are unable to correlate specific responses
with individuals given that experts were participating in the study on the grounds that their
identity would be kept completely confidential, that is without any identifiers, including
gender, location, or affiliation.

3 Results

Our results from the expert survey are associated with five broad themes.

3.1 Necessity of interventions

One area of debate within the literature concerns the necessity of relying on negative emis-
sions technologies and/or solar geoengineering as climate-policy options. One line of
thinking strongly opposes their consideration at all, on the grounds that they are too risky
(perpetuating a “risk—risk” tradeoff, that is, that some risks are addressed only by creat-
ing other risks (National Academies of Sciences Engineering, and Medicine 2021)), that
they introduce a moral hazard (and are prone to “mitigation deterrence” that will interfere
with carbon abatement options (The Royal Society 2009; Strefler et al. 2018; Vuuren et al.
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2017; Preston 2011; Anderson and Peters 2016; McLaren 2020), or that they are extremely
costly, energy intensive and/or not yet ready for deployment (Buck 2016; National Acade-
mies of Sciences Engineering, and Medicine 2019; Creutzig et al. 2019). An opposing line
of thinking counters that prudence requires that society consider all potential options and
hedge risk by seriously considering geoengineering approaches (Stephens and Keith 2008);
that large-scale negative emissions technologies are absolutely essential for reaching 1.5 °C
or 2° climate targets (Rueda et al. 2021; Gasser et al. 2015); and that delays in climate miti-
gation and underinvestment in adaptation demand that we pursue these options, (EASAC
2018; Jinnah and Nicholson 2019a; Jinnah and Nicholson 2019) as they “must be consid-
ered” (Nicholson et al. 2018).

Our own results offer more nuance and depth to this discussion, showing (in Fig. 1) that
our pool of experts strongly views negative emissions technologies as necessary to reach
climate targets (top panel, more than 90%). Most of those supporting negative emissions
come from universities and research institutes, governments, and the private sector; almost
all of those that oppose (indicating no need) were from civil society institutions. However,
the bottom panel shows that perceptions are inverted for solar geoengineering, with almost
two-thirds of experts arguing that those options are not necessary. Remarkably, the strong-
est opposition comes from universities and research institutes along with governments and
civil society.

3.2 Desirability and comparative optimality of options

Negative emissions and solar geoengineering options do not exist in a vacuum, nor would
they likely be deployed in isolation. Instead, many different technologies could be deployed
simultaneously across multiple dimensions (e.g., enhanced weathering as well as direct air
capture and BECCS, or sun shields with aerosol injection along with cloud brightening) as
a form of “cocktail geoengineering,” (Long et al. 2017) or “portfolios” of negative emis-
sions technologies (McLaren 2012; Reiner 2016). Despite the strong likelihood of such a
diversified deployment pattern, the understanding within the literature of how to model,
anticipate, and capture such complex portfolios and cocktails is currently limited, given
that many models make overly simplistic assumptions about deployment (McLaren 2018;
Butnar et al. 2020; Fuss et al. 2018; Low and Honegger 2020).

Our expert survey exercise was intended to tackle this gap, asking experts to rank in
order of preference different options against each other, that is, comparatively. Looking
at Fig. 2, the top panel shows negative emissions options grouped by their mean ranking
across the expert survey, with Appendix 1 showing the precise questions asked. Afforesta-
tion and reforestation (mean rank of 8.39), ecosystem restoration (7.18), and soil carbon
sequestration (7.24) are the most preferred by our experts, whereas ocean alkalinization or
fertilization (2.03)—and, less so, blue carbon and seagrass (4.57), and enhanced weathering
(4.8)—is by far the least preferred. Afforestation and reforestation being the most preferred
for experts echoes findings for the general public, (Campbell-Arvai et al. 2017; Braun et al.
2018; Wolske et al. 2019; Jobin and Siegrist 2020; Shrum et al. 2020; Sweet et al. 2021),
as does the generally positive view of ecosystem restoration. Though there is some dispar-
ity in the literature on soil carbon sequestration, the distinction by experts between this
approach and other more technical options such as DACCS and BECCS is also becoming
more evident for the public (Sweet et al. 2021; Wenger et al. 2021). Similarly, the lack of
support for ocean fertilization, and indeed many ocean-based options—we note here that
the second-lowest rating belonged to blue carbon and seagrass (4.57)—is another point of

@ Springer



58 Page 80of 50 Mitig Adapt Strateg Glob Change (2022) 27:58

100%

90% |

80% |

70% |

60% |

50% |

40%

30%

20%

10% |

0% -

No

Negative Emissions Technologies

70%

60%

50%

40%

30%

20% |

10%

0% -

Solar Geoengineering Technologies

Fig. 1 Expert opinions on the necessity of negative emissions (top panel) and solar geoengineering tech-
nologies (bottom panel). Source: Authors. The top panel (N="73 respondents) depicts the answer to the
question “Do you think that we will need greenhouse gas removal (GGR) and/or carbon dioxide removal
(CDR) technologies in order to limit climate change to a non-dangerous level?”” The bottom panel (N=71
respondents) depicts the answer to the question “Do you think that we will need solar radiation manage-
ment (SRM) technologies in order to limit climate change to a non-dangerous level?” We left it to each
expert to self-determine their own standard of “need” when answering both questions. The full data tables
behind this figure are presented in 4.3.

intersection between experts and the public (Jobin and Siegrist 2020; Shrum et al. 2020;
Cox et al. 2020; Cox et al. 2021). The same also holds true for the broadly ambiguous and
tentative perceptions for enhanced weathering at present (Wright et al. 2014; Pidgeon and
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Fig.2 Expert perceptions on the preferred ranking of different negative -emissions (top panel) and solar
-geoengineering options (bottom panel). Source: Authors. Note: the higher the number, the more posi-
tive the ranking (with one being the lowest and ten the highest). The top panel (N="71 respondents) shows
answers to the question “The literature on energy and climate policy often discusses the following GGR and
CDR options. Please rank them against each other in order of your preference.” The bottom panel (N =64
respondents) shows answers to the question “The literature often discusses the following SRM options.
Please rank them against each other in order of your preference.” We left it to each expert to rank these
options without any prompts or information treatments, meaning answers may reflect interest in or familiar-
ity with the topic as much as any preference about research or deployment. The full data tables behind this
figure are presented in Appendix 3

Spence 2017; Spence et al. 2021). Appendix 3 shows more detailed statistical analyses of
the data, and it moreover reveals how the highest standard deviation belongs to carbon cap-
ture storage and utilization, reflecting perhaps greater uncertainty and divergence of opin-
ion, whereas the lowest standard deviation corresponds to afforestation and reforestation
as well as ocean alkalinization or fertilization. The intermediate values for bioenergy with
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carbon capture and storage, direct air capture, and biochar furthermore offer a challenge
to studies arguing that these options could or should become dominant negative emissions
pathways by 2050 or 2100, e.g. (Fridahl and Lehtveer 2018; Buck 2019; Hanna et al. 2021;
McQueen et al. 2021a, b; International Biochar Association 2021; Draper 2021).

The bottom panel of Fig. 2 reveals the stated rankings for solar geoengineering options
(with the precise questions asked presented in Appendix 1). Albedo modification via
human settlements (7.6) is the most preferred, followed by albedo management via grass-
lands and crops (6.95) and marine cloud brightening (6.48). Conversely, space-based
reflectors (3.46), high-altitude sunshades (3.46), and albedo management via clouds (4.88)
are the least preferred. Focusing on the relative preferences of the SRM options, we note
a similar tendency between experts and the lay public for space-based approaches to rank
lower (Jobin and Siegrist 2020) and, to some extent, for marine cloud brightening being
preferable to stratospheric aerosol injection (Wright et al. 2014; Amelung and Funke 2015;
Carlisle et al. 2020). Unlike the negative-emissions options, Appendix 3 reveals that stand-
ard deviations for these options are much, much higher, i.e., with the opinions of experts
being much more divided. The standard deviation for stratospheric aerosol injection stands
out as the highest of any of the options, whereas albedo management via clouds, con-
versely, is the lowest. Given that SRM options were ranked against one another, and not
against CDR options, it is not possible to identify a pattern where SRM options such as
stratospheric aerosol injection tend to be slightly less preferable, which is typical for public
perceptions (Braun et al. 2018; Jobin and Siegrist 2020; Wright et al. 2014; Carlisle et al.
2020; Pidgeon et al. 2012; Bellamy et al. 2016; Merk et al. 2019; Klaus et al. 2020). At the
same time, the greater heterogeneity of expert opinion, especially with regard to strato-
spheric aerosol injection, mirrors the tendency for public evaluations to vary depending
on the amount of information provided, mode of discussion, and over time (Braun et al.
2018; Carlisle et al. 2020; Merk et al. 2019). This indicates that, for both experts and the
lay public, the way that these options are viewed is still in flux, despite the greater knowl-
edge possessed by experts. Indeed, one follow-up study (Carlisle et al. 2020), conducted
6 years after the original one (Wright et al. 2014), interestingly found a reverse in prefer-
ence, with stratospheric aerosol injection having more negative associations than space-
based approaches. Among other things, this suggests that greater knowledge and familiar-
ity with options such as stratospheric aerosol injection could ultimately have an adverse
effect on desirability.

3.3 Estimations of efficacy and economic feasibility

We asked our experts to also quantify as best as they can the potential efficacy and feasibil-
ity of options in terms of achieved emissions reductions or successful temperature change,
another area of great contestation within the literature (Fuss et al. 2018; National Research
Council 2015; National Academies of Sciences Engineering, and Medicine 2021).

Figure 3 provides illustrative results in terms of the expected net gigatons of carbon
dioxide selected negative emissions technologies could reduce, displace, or avoid by 2050.
We prepared this question to supplement estimates based on integrated assessment mod-
eling—with the key caveat that this literature admits many limitations. Fuhrman et al.
(Fuhrman et al. 2019), summarizing the literature, note that scenarios “widely assume
we are capable of scaling up NETs over the coming 30 years to achieve negative emis-
sions of the same order of magnitude as current global emissions (tens of gigatons of CO2/
year) predominantly relying on highly land intensive NETs.” Yet, IAM-calculated IPCC
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Fig.3 Expert perceptions on the greenhouse-gas-reduction potential of negative-emissions technologies.
Source: Authors (N=47 respondents). The figure shows the results (on a logarithmic scale, to include all
outliers) for the question “Another way of prioritizing options is to quantify them. By the year 2050, how
many gigatons of carbon dioxide equivalent do you expect each of the following options to reduce, displace,
or avoid?” Illustrative results are shown for afforestation and reforestation, enhanced weathering, direct air
capture, and carbon capture utilization and storage. The bars within the boxes refer to the median. As with
our other questions, this one required our experts to judge for themselves expectations about future quan-
tification. The answer depends entirely on how much the expert thinks this will be deployed, which may
depend heavily on policies and goals, or other assumptions. The full data tables behind this figure are pre-
sented in Appendix 3

pathways have yet to comprehensively include engineered approaches, such as direct air
capture and enhanced weathering, as well as a range of coastal or ocean-based approaches
(O’Neill et al. 2020; Fuhrman et al. 2021). Emissions from supply chains and life cycles,
from different carbon removal approaches, and across different geographies and timelines,
also vary considerably, and have yet to be codified in any definitive way (Clery et al. 2021;
Carton et al. 2021). Finally, there is the prospect of mitigation deterrence, which may con-
siderably counterbalance the carbon removed, but in ways that have yet to be incorporated
into [AMs (McLaren 2020).

As Appendix 3 reveals, the statistical data behind the results reveal that the three
options with the most (mean) potential are afforestation and reforestation (mean of 61.250
GtCo2, median of 2 GtCo2), followed by ocean alkalinization or fertilization (58.9 Gt,
0 Gt) and bioenergy with carbon capture and storage (48.7 Gt, 2 Gt). The options with
the least (mean) abatement potential were enhanced weathering (mean of 13.37 GtCo2,
median of 0.75 Gt), carbon capture and storage (24.55 Gt, 1 Gt), and blue carbon and sea-
grass (26.34 Gt, 0.35 Gt). Given the expansive range of expert estimates, we report both
mean and median values. Whereas the former gives a sense of the diversity of the esti-
mations, the latter can be understood as a more consensus-based, less optimistic estimate
of the options’ potential. Of note, if one combines the medians for all ten of the options,
this amounts to 10.35 GtCo2—a pittance. The highest median value of any option is only
2 GtCo2, for afforestation, soil carbon sequestration, and bioenergy with carbon capture
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Fig.4 Expert perceptions on the efficacy and cost of negative-emissions technologies. Source: Authors
(N=45 respondents). The figure shows results for the question “Similarly, another way of considering
options is according to their costs of carbon removal. The uncertainties are obviously very large, so pro-
viding a range of estimations is fine. How would you estimate the range of costs in US$ per metric ton of
carbon dioxide avoided by 20507 Experts were able to give whatever range they preferred, without consid-
eration of percentiles or triangulation with the existing modeling literature. The full data tables behind this
figure are presented in Appendix 3

and storage—options with more near-term viability and deployment potential. In contrast,
though ocean alkalinization or fertilization ranked as the second-highest option in terms of
mean abatement potential, the median estimate is that it would not contribute at all to emis-
sions reduction.

Figure 4 depicts expected costs for carbon removal (in US$ per metric ton by 2050).
This, again, is a very controversial point in the existing policy and academic literature,
with cost estimate varying widely based on assumptions about future learning, econ-
omies of scale, supportive policy environments, and technical performance, among
other factors (Fuss et al. 2018; Heutel et al. 2015; National Research Council 2015;
National Academies of Sciences Engineering, and Medicine 2019; Parliamentary
Office of Science and Technology 2017). Here we opted to use the medians instead of
the means owing to the existence of a couple outliers (and significant impacts on stand-
ard deviations) tending to skew results (see Appendix 3), notably, leading to maximum
cost estimates which would exclude any consideration of some of the options. Interest-
ingly, results cluster according to three core groups. One collection of more natural-
and land-based solutions all have the lowest expected costs of abatement, notably: soil
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Fig.5 Expert perceptions on the temperature-reduction potential of solar-geoengineering technologies.
Source: Authors (N=40 respondents across the entire sample, although specific estimations for specific
options vary and are reported in Appendix 3). Experts were able to give whatever range they preferred,
without consideration of percentiles or triangulation with the existing modeling literature. The figure shows
the results for the question “In terms of feasibility, by the year 2050, how much global warming or climate
change (in degrees Celsius) do you expect each of these options to achieve reducing or addressing?”’

carbon sequestration (range from $0 to $50 per ton/C02), ecosystem restoration ($0
to $87.50), afforestation and reforestation ($0 to $50), blue carbon and seagrass ($0
to $75), and biochar ($20 to $100). All of these have median maximum costs lower
than $100 and median minimum costs lower than $20, with most at or near zero. This
contrasts with a second clustering of options that see expected minimum costs of at
least $30 (in the case of enhanced weathering) and expected maximum costs less than
$225—this class includes enhanced weathering (with a range from $30 to $200), car-
bon capture and storage ($50 to $200), ocean alkalinization or fertilization (€50 to
$225), and bioenergy with carbon capture and storage ($75 to $200)). And lastly, in a
class of its own, is direct air capture with median expected costs ranging from $100 to
$500.

Because the efficacy of solar geoengineering options tends to be assessed in degrees
of temperature change rather than tons of carbon abatement, Fig. 5 plots our expert
survey data according to how much global warming or climate change (in degrees
Celsius) solar radiation management techniques are expected to achieve. As our data
indicates, all options have a median value of 0°. However, when looking at the mean
results, which provides a sense of development potential (and difference of opinion
among experts) stratospheric aerosol injection is seen as the most promising, with the
ability to avoid almost 1 degree of temperature change Celsius by 2050. This is fol-
lowed in order of efficacy by albedo management via crops (a mean of 0.89° change)
and space-based reflectors (0.656° change). The options deemed the least effective
were high altitude sunshades (0.333° change), cirrus cloud thinning (0.344° change),
and albedo management via clouds (0.344° change). Appendix 3 reveals the underlying
statistical data behind these means, and it also shows the high frequency with which
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many respondents actually assigned a value of “0”—in many instances this occurred in
a strong supermajority of responses.

3.4 Expectations of scaling and deployment

Another core theme of our expert survey related to scaling and future deployment. We
asked our experts to explicitly consider the specific year (between now and the end of
the century) they expect options to achieve “widespread deployment,” which we inferred
to mean at least a market share of 20% (a threshold drawn from some recent debates
on energy-transition dynamics, historical diffusion of energy systems, and debates on
energy system transformation (Grubler et al. 2016; Sovacool 2016)). The literature con-
firms that this issue of timing is incredibly important to deployment efficacy and achiev-
ability (Richard et al. 2021; MacMartin et al. 2021).

The results, shown in Fig. 6, clearly depict three groupings of options that our
experts believed would achieve near-term deployment (by 2035), mid-term deployment
(by 2055), and long-term deployment (by 2056 or after). Using the median estimates
(provided in full in Appendix 3), the only options that our experts suggested would
achieve widespread near-term deployment within the next decade are afforestation and
reforestation (2030) and ecosystem restoration (2030). A second, much larger class of
options was deemed to reach deployment in the mid-term: soil carbon sequestration
(2035), albedo modification via human settlements (2035), blue carbon and seagrass
(2035), biochar (2035), carbon capture utilization and storage (2040), albedo modifica-
tion via grasslands and crops (2040), bioenergy with carbon capture and storage (2040),
albedo modification via deserts (2040), marine cloud brightening (2040), ice protection
(2040), stratospheric aerosol injection (2040), cirrus cloud thinning (2045), enhanced
weathering (2050), albedo modification via clouds (2050), direct air capture and storage
(2050), and ocean alkalinization or fertilization (2050). A final class comprised of two
options was envisioned to reach deployment only in the longer-term (if even then): high-
altitude sunshades (2070) and space-based reflectors (2080). We also highlight that, if
one focuses on the CDR options, which appear on the left side of Fig. 6, the much wider
range of options like DACCS and enhanced weathering offers further evidence of the
uncertainty around when, if ever, they might be deployed at scale.

Underlying the data in Fig. 6 were also suggestions from numerous experts that
some of the options would never achieve widespread deployment. This even occurred
for options such as afforestation and reforestation (7.5% of respondents) and soil car-
bon sequestration (12.2%), which were deemed feasible in the near-term by the expert
consensus. Expert assessments for “never” achieving deployment were much higher
for a fairly large number of options, each with 50% or more of respondents suggesting
“never”:

Albedo modification from human settlements (51.2%);
Ice protection (54.8%);

Stratospheric aerosol injection (65.3%);

Marine cloud brightening (63.8%);

Albedo modification by grasslands (68.3%);

Albedo modification by deserts (78.0%);

Cirrus cloud thinning (79.1%);

Albedo modification by clouds (79.5%);
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Fig.6 Expert perceptions about the scaling, commercialization, and deployment of negative-emissions and
solar-geoengineering options. Source: Authors. The figure shows answers (V=61 respondents) to the ques-
tion “By what year (between now and 2100) would you expect each of the following options to achieve
widespread deployment (e.g., a market share of 20%), enter O for never?” Experts were left to self-define
how they interpreted “market share.” Bars within the boxes represent the median, while the mean is denoted
by an “X.” Outliers are presented as dots. The full data tables behind this figure are presented in Appen-
dix 3. BECCS, bioenergy with carbon capture and storage. DACCS, direct air capture with carbon storage.
CCUS, carbon capture utilization and storage. Given the predominance of “never” being answered by our
experts for several of these options, especially SRM ones, the estimates for certain technologies are only
able to draw on responses from a smaller subset of data (see Appendix 3 for further detail). For technolo-
gies where “never” responses accounted for, a majority are detailed in the paragraph directly below, and the
ranges above should best be interpreted as “optimistic” cases for deployment, that is, if deployment at scale
actually comes to pass
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e Ocean alkalinization or fertilization (80.9%);
e High-altitude sunshades (82.9%);
e Space-based reflectors (84.4%).

This qualitative consensus among our experts may indeed suggest that such options be
(at worst) ruled out of current climate discussions or (at best) treated with lower degrees of
confidence and higher degrees of uncertainty.

3.5 Concerns about composite risks and barriers

The final theme explored in our expert survey centered on concerns about the risks facing
each of the climate pathways as well as the likelihood of different types of barriers. We
tackled this theme in two ways. The first was by asking our experts to evaluate riskiness in
a composite manner, that is, by thinking about how each option entails an amalgamation
of risks spanning social, economic, environmental, and political dimensions. We asked our
experts to rate how risky each option was (in these terms on a scale of one to ten) as of our
knowledge base in 2021. Weighted-average responses again suggest a clustering of options
(see Fig. 7). One set are perceived as low risk—that is scoring between a median of 0 and
4 within our survey exercise. This includes ecosystem restoration (the lowest composite
risk score of 1.00), soil carbon sequestration (2.00), afforestation and reforestation (3.00),
blue carbon and seagrass (3.00), biochar (3.00), albedo modification from human settle-
ments (3.00), direct air capture (4.00), enhanced weathering (4.00), ice protection (4.00),
and carbon capture and storage (4.00). One set are considered to be moderately risky with
mean scores of 5 to 7: albedo modification via grasslands (5.00), albedo modification via
deserts (5.00), bioenergy with carbon capture and storage (5.00), and albedo modifica-
tion via clouds (7.00). And a final set are considered most risky with median composite
scores of 8 and above: cirrus cloud thinning (8.00), marine cloud brightening (8.00), ocean
alkalinization or fertilization (8.00), high-altitude sunshades (9.00), space-based reflectors
(9.00), and stratospheric aerosol injection (10.00). In addition, looking at the bottom panel
of Fig. 7, it becomes evident that our group of experts associated higher composite risks
with almost all of the SRM options, with exception of ice protection and a few forms of
albedo modification whereas more favorable views were held towards CDR options, with
the notable exception of ocean alkalinization or fertilization.

The second way we explored this theme asked experts about the prevalence of particu-
lar barriers that they thought were facing CDR and SRM options, drawn from our famili-
arity with the literature on barriers and centered on eight core types: technology upscal-
ing and readiness, (Buck 2019; National Research Council 2015; National Academies of
Sciences Engineering, and Medicine 2019) storage disposal constraints (especially per-
manence) (Honegger and Reiner 2017; EASAC 2018; National Research Council 2015),
social acceptance and public perceptions (Shrum et al. 2020; Cox et al. 2021; Wibeck et al.
2015; Bertram and Merk 2020; Buck 2018), legal and regulatory obstacles (Armeni 2015;
Brent et al. 2015/2016; Craik 2015; Fleurke 2016; Garg 2014), challenges to system inte-
gration (GESAMP 2019; Buck 2019; Jeffery et al. 2020; Pietzcker et al. 2017), financ-
ing (Buck, et al. 2020; International Energy Agency Greenhouse Gas Division, Element
Energy, and Imperial College London 2021; Honegger et al. 2021c¢), sustainable business
models and market viability (Parson and Buck 2020; Rickels et al. 2020; Fuss et al. 2018),
and risks to the environment or planetary health (Anderson and Peters 2016; Buck 2016;
Obersteiner et al. 2018; Russell et al. 2012). A final category of “other factors” was meant
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Fig.7 Expert perceptions about the composite risks facing negative-emissions and solar-geoengineering
options. Source: Authors. The top panel depicts answers (N=66 respondents) for all 20 options for the
question “Each of the options below entails different social, economic, environmental, and even political
risks. As of our evolving base of knowledge in 2021, how would you rate the risks of each of these options
as they might be scaled up or engaged with in the future?” The higher the number, the riskier the option
(medians shown, on a scale from 1 to 10). Experts were able to self-define what “composite risk”” meant to
them. The full data tables behind this figure are presented in Appendix 3. DACCS, direct air capture with
carbon storage. CCUS, carbon capture utilization and storage. The bottom panel breaks the options apart
in terms of CDR and SRM options, in order to underscore and illuminate the differences within these two
categories

to capture barriers that did not fit into these eight categories. As Table 3 indicates, all
examined options had at least some barriers and many had multiple barriers—cirrus cloud
thinning, high-altitude sunshades, and space-based reflectors were identified as having sig-
nificant barriers in more than half of the barrier categories, as evidenced by the number
of red and/or dark-yellow boxes. Conversely, options such as afforestation and reforesta-
tion, soil carbon sequestration, biochar, blue carbon and seagrass, ecosystem restoration,
and albedo modification via human settlements were seen as having the fewest collective
barriers, highlighted by the prevalence of green and pale-yellow boxes. Thus, if one looks

@ Springer



58 Page 18 of 50 Mitig Adapt Strateg Glob Change (2022) 27:58

Table 3 Expert perceptions about the salience of barriers facing negative-emissions and solar-geoengineer-
ing options

Techno Storag Public Legal Enviro
percep Challe
logy e and . a Marke nment
. . tion nges to .
upscali  disposa regulat Financ t al or Other
and system .
ng and 1 . . ing deman planet factors
. social integra
readin constra obstacl . d ary
. accept tion N
ess ints ance es risks

Afforestation and reforestation 1.00 1.00 1.00 2.00 2.00 2.00 2.00 2.00 4.00

Soil carbon sequestration 2.00 1.50 1.00 1.50 2.00 2.00 2.00 1.00 1.50
Biochar 2.00 2.00 1.50 2.00 2.00 2.00 2.00 2.00 1.50
BECCS 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00
Enhanced weathering 3.00 2.00 3.00 3.00 2.00 3.00 3.00 2.00 1.00
foeffi;’;;f;f"”iza”"’” or 400 200 400 400 300 300  4.00 - 3.00
Blue carbon and seagrass 2.00 2.00 1.00 2.00 2.00 3.00 3.00 2.00 1.00
Ecosystem restoration 1.00 2.00 1.00 2.00 2.00 3.00 2.00 1.00 1.00
DACCS 4.00 3.00 3.00 2.00 3.00 4.00 3.00 2.00 3.00
CCcus 3.00 4.00 3.00 2.00 3.00 3.00 2.00 2.00 3.00
Stratospheric aerosol injection 4.00 1.00 -- 4.00 3.00 4.00
Marine cloud brightening 4.00 1.00 4.00 4.00 3.50 3.00 4.00 4.00 3.00
Cirrus cloud thinning - 2.00 4.00 4.50 4.00 4.00

i fe e [

Albedo modification via
human settlements

2.00 1.00 2.00 2.00 1.50 2.50 2.00 1.00 1.50

Albedo management via

3.00 2.50 2.50 2.00 3.00 3.00 3.00 2.00 2.00
grasslands and crops

Albedo management via
deserts

Albedo management via

4.00 3.00 4.00 4.00 3.00 3.00 4.00 4.00 2.00
clouds

Ice protection 4.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 1.00

Source: Authors. Note: BECCS, bioenergy with carbon capture and storage. DACCS, direct air capture with
carbon capture and storage. CCUS, carbon capture utilization and storage. The table depicts the results for
the question (N=69 respondents) “What do you see as the main potential barriers for the deployment of
different CDR and SRM options at the global scale? Barriers were ranked as equally important. “Other fac-
tors” includes any barrier not explicitly listed. (Note: 1 =no/weak barrier, 5 =strong barrier). Median scores
ranging from 1.00 to 1.99 are highlighted in pale green; those from 2.00 to 2.99 in pale yellow; from 3.00
to 3.99 in dark yellow; from 4.00 to 4.50 in light red, and 4.51 to 5.00 in dark red. The full data supporting
this table is presented in Appendix 3
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for collections of red for a given option (e.g., for high-altitude sunshades and space-based
reflectors), our findings signal the need to proceed with great caution. Conversely, options
like ecosystem restoration, albedo modification via human settlements, soil carbon seques-
tration, and biochar are more of a “go” and involve less caution.

In terms of type, fechnical-related barriers such as upscaling, storage, and system inte-
gration (the far left two columns of Table 2 plus the column in the middle) were seen as
significant for some options—notably ocean alkalinization or fertilization, direct air cap-
ture, marine cloud brightening, cirrus cloud thinning, space-based reflectors, albedo man-
agement via clouds and high-altitude sunshades. But non-technical barriers arose as signif-
icant for options such as ocean alkalinization or fertilization (environmental and planetary
risk, social acceptance, legal and regulatory challenges), stratospheric aerosol injection
(environmental and planetary risk, social acceptance, legal and regulatory barriers), marine
cloud brightening (environmental and planetary risk, legal and regulatory barriers), cirrus
cloud thinning (environmental and planetary risk, social acceptance, legal and regulatory
barriers), space-based reflectors (environmental and planetary risk, social acceptance, legal
and regulatory barriers, financing, market demand, other factors) and high-altitude sun-
shades (social acceptance, legal and regulatory barriers, financing, market viability). This
finding validates research and policy focusing well beyond traditional concerns of tech-
nology deployment (e.g., beyond basic research and development) to broader themes of
acceptance, governance, policy, and markets.

4 Discussion and conclusion

Negative emissions and solar geoengineering options may contribute towards achieving cli-
mate and energy targets but, based on a large expert survey, their future feasibility remains
highly contested. Unlike other elicitation processes where experts are more positive or have
high expectations about novel options such as hydrogen fuel cells (Schmidt et al. 2017),
solar energy (Lam et al. 2018; Verdolini et al. 2015), or nuclear power (Usher and Strachan
2013), our results are more critical and cautionary. Although a strong consensus of our
experts considered negative emissions to be necessary to meet a 1.5C or 2C target of tem-
perature change, this finding was reversed for solar geoengineering, with a supermajority
of experts arguing that those options are not needed.

When put into distinct portfolios organized by a forced hierarchy of prioritization, our
experts supported afforestation and reforestation, ecosystem restoration, and soil carbon
sequestration as the most optimal negative emissions options and albedo modification via
human settlements, albedo management via grasslands and crops, and marine cloud bright-
ening as the most desirable solar geoengineering options (see Fig. 2 above). This contrasts
with the least favored options including ocean alkalinization or fertilization, blue carbon
and seagrass, and enhanced weathering along with space-based reflectors, high-altitude
sunshades, and albedo management via clouds (see Fig. 2 above). This thinking aligns with
the expected potential these options have by our experts, with afforestation and reforesta-
tion, soil carbon sequestration, and bioenergy with carbon capture and storage expected
to have the most near-term emissions-reductions potential by 2050 (looking at the median
values); stratospheric aerosol injection, albedo management via crops, and space-based
reflectors are identified with a mean potential to reduce temperature the most, a finding
that has not yet made it into Integrated Assessment Modeling, which has not by and large
included solar geoengineering options in their technology portfolios.
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This finding is salient not only for its substantive implications about the desirability of
options, it also may reveal aspects of expert knowledge itself across the 20 options investi-
gated. One potentially revealing finding is that experts agree most on the potential of affor-
estation and reforestation, and they have more favorable opinions about CDR than on solar
geoengineering. This positive stance towards carbon removal could reflect that experts
have a more hands-on experience with trees and forests than with many of the other more
high-tech and remote options. Familiarity with options becomes a proxy for positive opin-
ions about them. Furthermore, it is telling that no respondents gave estimations or opinions
across all 20 options and most concentrated on only a handful of options. A deeper issue is
that few experts had expert knowledge on all different technologies—one would not expect
an enhanced weathering scientist to know much about marine cloud brightening, nor a
stratospheric aerosol injection modeler to predict the cost of soil carbon storage in 2050.

The implication is that none of our experts feel like they have sufficient knowledge or
insight across the 20 approaches elicited. This also makes sense intuitively. One would
have to be rather versatile to keep abreast of such a range of so different technologies and
approaches, i.e., to be knowledgeable about the mitigation potential/temperature reduction
potential of 20 different techniques. In this vein, the results show that experts are careful
to specify the limits of their expertise. We fully acknowledge that undertaking an analysis
of how expert opinion varies by gender, experience, training, occupation, etc. would be
very valuable for future research efforts and would also push future research towards state-
of-the-art standards for both expert elicitation as well as multi-criteria decision-making
(Keeney and Raiffa 1993; Verdolini et al. 2020).

Our expert data produces cogent findings about expected costs for negative emissions
technologies, especially as we opt to focus on the median rather than mean values, in
view of the variability and prominence of a couple outliers within the data. Within the
negative-emissions category, afforestation and reforestation ($5-50, mean of $27.50), soil
carbon sequestration ($0-50, average of $25), ecosystem restoration ($0-87.50, average of
$43.75), and blue carbon and seagrass ($0-75, average of $37.50), and biochar ($20-100,
average of $60) all have the lowest expected costs per ton removed by 2050. This contrasts
noticeably with the expected costs for bioenergy with carbon capture and storage ($75-200,
average of $137.50), enhanced weathering ($30-200, average of $115), ocean alkaliniza-
tion or fertilization ($50-225, average of $137.50), direct air capture ($100-500, average of
$300), and carbon capture utilization and storage ($50-200 to, average of $125). These lat-
ter options, especially direct air capture, could potentially be priced out of any competitive
or affordable carbon market in 2050, even if the price of carbon were to surpass $100 per
ton—depending on where their costs ultimately fall within this range. What is more, the
degree to which the range between the minimum and maximum estimates varies across the
options highlights the uncertainty—or construed more positively, the overall development
potential—that attends to some of them, most notably, those of a more engineered nature
such as direct air capture, carbon capture utilization and storage, and enhanced weathering.

Moreover, the comparative efficacy of the more affordable options becomes striking
when compared to the others: using the mean numbers per ton of carbon removed (see
Appendix 3 for all underlying data), soil carbon sequestration would be about 60 times
more cost effective than bioenergy with carbon capture and storage. Our expert survey also
finds that ecosystem restoration would be about 18 times more cost effective than carbon
capture utilization and storage, and blue carbon and seagrass to be about 35 times more
cost effective than direct air capture. Using the median numbers, soil carbon sequestration
could be about 5.5 times more cost effective than bioenergy with carbon capture and stor-
age; ecosystem restoration could be about 3 times more cost effective than carbon capture
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utilization and storage; and blue carbon and seagrass could be 8 times more cost effective
than direct air capture.

It is not only economic cost that could rule some options out—the timing and likely
commercialization of different innovations could also delay climate options, even some of
the more cost-effective ones. Only the options of afforestation and reforestation (2030) and
ecosystem restoration (2030) were expected to be widely deployed (e.g., surpassing a 20%
market share) in the next decade. Much-discussed options such as carbon capture utiliza-
tion and storage, bioenergy with carbon capture and storage, direct air capture, and virtu-
ally all solar-geoengineering options are not expected to achieve large-scale deployment
until at least 2040, and some options were identified as not reaching deployment until 2050
at the earliest. This positions a preponderance of options as out of reach and unavailable for
use within the next two decades. A majority of experts even suggested that some options—
especially albedo modification by deserts, cirrus cloud thinning, albedo modification by
clouds, ocean alkalization or fertilization, high-altitude sunshades, and space-based reflec-
tors—would never reach commercialization.

Notably, options that have desirable attributes in terms of the portfolio ranking under-
taken by our experts or affordable costs per ton still involve risks and barriers. Ecosystem
restoration, soil sequestration, and afforestation and reforestation were seen as the least
risky negative emissions; interestingly, some solar geoengineering options were seen as low
risk, notably albedo modification via human settlements and via grasslands. The options
with the highest perceived risks were ocean alkalization or fertilization, space-based reflec-
tors, and stratospheric aerosol injection. Additionally, afforestation and reforestation, soil
carbon sequestration, biochar, blue carbon and seagrass, ecosystem restoration, and albedo
modification via human settlements were seen as having the fewest collective barriers; this
contrasts with cirrus cloud thinning, high-altitude sunshades, and space-based reflectors
which were perceived as having the most significant barriers. Our study also points the way
towards clearly desired and supported pathways—centering on ecosystem restoration, soil
sequestration, afforestation and reforestation, biochar—with a rare combination of afford-
able cost, near- to mid-term commercialization, comparatively fewer risks, and minimal to
only moderate barriers.

Ultimately, our combined expert judgments about necessity, desirability, efficacy, expec-
tations, and risks reveal tensions between these attributes of climate options (some of the
options expected to achieve affordable and cost-effective reductions either face persistent
barriers or entail moderate to high risks). For instance, some options have strong poten-
tial to abate carbon or stabilize the climate but low desirability (stratospheric aerosol injec-
tion, bioenergy with carbon capture and storage), or are strongly desirable but have lim-
ited abatement potential (e.g. marine cloud brightening, blue carbon and seagrass). Ocean
alkalinization or fertilization is seen to have high potential for sequestration but also high
unknowns. This creates an immense challenge for regulation, policy, and governance, given
that optimal policy mixes will be forever changing based not only on cost and performance
but issues over efficacy, scaling, risks, and barriers. Policymakers should therefore consider
forms of adaptive risk management (Sovacool et al. 2022) and multi-criteria risk assessment
(Stirling 2006, 2010) whenever they consider deployment, even if only deployment of one
option. All options, even the ones seen as most desirable and effective by our experts, have
risks and barriers, making it difficult to predict diffusion and assess costs and benefits.
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Appendix
Appendix 1. Expert survey guide. GENIE Project. May 2021

1. What is your name?

2. Do you think that we will need greenhouse gas removal (GGR) and/or carbon dioxide
removal (CDR) technologies in order to meet a 1.5C or 2C target, or whatever tempera-
ture goal you would define as limiting climate change to a non-dangerous level? (Yes/
No)

3. Do you think that we will need solar radiation management (SRM) technologies in order
to meet a 1.5C or 2C target, or whatever temperature goal you would define as limiting
climate change to a non-dangerous level? (Yes/No)

4. The literature on energy and climate policy often discusses the following GGR and
CDR options. Please rank them against each other in order of your preference. (You can
rank them by inputting numbers, or by dropping and dragging each option into a ranked
position).

Afforestation and reforestation

Soil carbon sequestration

Biochar

Bioenergy with carbon capture and storage (BECCS)
Enhanced weathering

Ocean alkalinization or fertilization

Blue carbon and seagrass

Ecosystem restoration

Direct air capture and storage (DACCS)

Carbon capture utilization and storage (CCUS)

5. The literature often discusses the following SRM options. Please rank them against
each other in order of your preference. (You can rank them by inputting numbers, or by
dropping and dragging each option into a ranked position).

Stratospheric aerosol injection

Marine cloud brightening

Cirrus cloud thinning

Space-based (extra-terrestrial) reflectors
Albedo modification via human settlements
Albedo management via grasslands and crops
Albedo management via deserts

Albedo management via clouds

Ice protection

High altitude sunshades

6. Another way of prioritizing options is to quantify them. By the year 2050, how many
gigatons of carbon dioxide equivalent do you expect each of the following options to
reduce, displace, or avoid? (You can input numbers with decimals to convey reductions
in megatons; however, you do not have to provide numbers for all options, i.e., give
answers for only those options you feel you have enough expertise to answer)

Afforestation and reforestation

Soil carbon sequestration

Biochar

Bioenergy with carbon capture and storage (BECCS)

@ Springer



Mitig Adapt Strateg Glob Change (2022) 27:58 Page 23 0f 50 58

Enhanced weathering

Ocean alkalinization or fertilization

Blue carbon and seagrass

Ecosystem restoration

Direct air capture and storage (DACCS)
Carbon capture utilization and storage (CCUS)

7. Similarly, another way of considering options is according to their costs of carbon
removal. The uncertainties are obviously very large, so providing a range of estimations
is fine. How would you estimate the range of costs per metric ton of carbon dioxide
avoided by 20507 If you do not know, or do not have sufficient expertise to answer for
a given option, you can leave it blank.

“w

o
“

“
“

“
o

“
“

“»
“

<«
“w

“©w
“

8. Interms of feasibility, by the year 2050, how much global warming or climate change (in
degrees Celsius) do you expect each of these options to achieve reducing or addressing?
Stratospheric aerosol injection
Marine cloud brightening
Cirrus cloud thinning
Space-based (extra-terrestrial) reflectors
Albedo modification via human settlements
Albedo management via grasslands and crops
Albedo management via deserts
Albedo management via clouds
Ice protection
High-altitude sunshades
9. Each of the options below entails different social, economic, environmental, and even
political risks. As of our evolving base of knowledge in 2021, how would you rate the
risks of each of these options as they might be scaled up or engaged with in the future?
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10. By what year (between now and 2100) would you expect each of the following options
to achieve widespread deployment (e.g., a market share of 20%), enter 0 for never?
Afforestation and reforestation
Soil carbon sequestration
Biochar
Bioenergy with carbon capture and storage (BECCS)
Enhanced weathering
Ocean alkalinisation or fertilization
Blue carbon and seagrass
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Ecosystem restoration

Direct air capture and storage (DACCS)
Carbon capture utilization and storage (CCUS)
Stratospheric aerosol injection

Marine cloud brightening

Cirrus cloud thinning

Space-based (extra-terrestrial) reflectors
Albedo modification via human settlements
Albedo management via grasslands and crops
Albedo management via deserts

Albedo management via clouds

Ice protection

High-altitude sunshades

11. Finally, what do you see as the main potential barriers for the deployment of different
CDR and SRM options at the global scale? Barriers can be ranked as equally impor-
tant. “Other factors” includes any barrier not explicitly listed. (Note: 1 =no/weak
barrier, 5 =strong barrier).

Afforestation

and reforestation

Enhance
weatheri

Blue carbon and

scagrass

Direct air

capture and

Challenges
" . related to
Technology Public °
o1t s " - g Legal and the " " &z ~
upscaling Storage/disposal perception . . . . Market Environmental/planetary Other
i 4 enio Tegulatory integration Financing s "
and constraints  znd social 2 7 demand risks factors
s 2 obstacles of the
readiness acceptance
overall
system
a a a a a a a a a
s s s s s s s N s
a a a a a a a a a
= o s = s s o = s
a - - - - - - - - -
ng
a a a a a a a a a
= s = = s s = s s
a a a a a a a a a
= = s s B s < * s

storage (DACCS)

Stratosp

aerosol injection

heric

o

L1
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Appendix 2. List of experts that completed our elicitation exercise

Name Actor type Gender Country Institution
[Anonymous aerospace  Private sector+indus- Male  Germany [Aerospace and space
engineer] trial associations systems company
focusing on integrated
spacecraft]

Asayama, Shinichiro Government +intergov- Male  Japan National Institute for
ernmental organiza- Environmental Studies
tions

Bazilian, Morgan Universities+research  Male ~ USA Colorado School of
institutes Mines

Bellamy, Rob Universities+research  Male UK University of Manchester
institutes

Beuttler, Christoph Private sector+indus-  Male  Switzerland Climeworks
trial associations

Boettcher, Miranda Universities +research ~ Female Germany Institute for Advanced
institutes Sustainability Studies

(IASS)

Brauer, Uwe Private sector+indus- ~ Male  Germany Planetary Sunshade
trial associations Foundation

Briggs, Chad Universities+research ~ Male ~ USA University of Alaska,
institutes Anchorage

Buck, Holly Jean Universities +research ~ Female USA University at Buffalo
institutes

Burns, Wil Universities +research ~ Male USA American University
institutes

Centers, Ross Private sector+indus- Male = Germany Planetary Sunshades
trial associations

Chalecki, Beth Universities + research ~ Female USA University of Nebraska
institutes Omaha

Chavez, Anthony E Universities+research ~ Male  USA Northern Kentucky
institutes University

Cobo Gutiérrez, Selene  Universities+research ~ Female Switzerland ETH Zurich
institutes

Cox, Emily Universities +research ~ Female UK Cardiff University
institutes

Delina, Laurence Universities+research  Male  Hong Kong Hong Kong University of
institutes Science and Technol-

ogy

Dooley, Kate Universities+research ~ Female Australia University of Melbourne
institutes

Draper, Kathleen Civil society Female USA International Biochar

Initiative

Elliott, David Universities+research  Male UK The Open University
institutes

Erbay, Yorukcan Private sector+indus- Male UK Element Energy
trial associations

Felgenhauer, Tyler Universities+research  Male =~ USA Duke University

institutes
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Name

Actor type

Gender Country

Institution

Florin, Marie-Valentine

Forster, Piers

Fuhrman, Jay

Fuss, Sabine

Gambhir, Ajay

Geden, Oliver

Ghosh, Arunabha

Grant, Neil
Haigh, Joanna
Hamilton, Clive
Hawkes, Adam D
Heap, Richard
Herzog, Howard
Heyen, Daniel
Horton, Joshua B
Irvine, Pete
Jinnah, Sikina
Kammen, Daniel

Keller, David

Keller, Klaus
Kravitz, Ben

Kuswanto, Heri

Civil society

Universities + research
institutes

Government + intergov-
ernmental organiza-
tions

Universities + research
institutes

Universities + research
institutes

Government + intergov-
ernmental organiza-
tions

Civil society

Universities + research
institutes

Universities + research
institutes

Universities + research
institutes

Universities + research
institutes

Civil society

Universities + research
institutes

Universities + research
institutes

Universities + research
institutes

Universities + research
institutes

Universities + research
institutes

Universities + research
institutes

Universities + research
institutes

Universities + research
institutes

Universities + research
institutes

Universities + research
institutes

Female Switzerland

Male UK

Male USA

Female Germany

Male UK

Male  Germany
Male  India
Male UK
Female UK
Male  Australia
Male UK
Male UK
Male  USA
Male  Germany
Male  USA
Male UK
Female USA
Male USA
Male  Germany
Male  USA
Male  USA
Male  Indonesia

International Risk
Governance Council
(IRGC)

University of Leeds

Pacific Northwest
National Laboratory
(PNNL)

Mercator Research
Institute on Global
Commons and Climate
Change (MCC)

Imperial College London

German Institute for
International and Secu-
rity Affairs (SWP)

Council on Energy,
Environment and Water
(CEEW)

Imperial College London

Imperial College London/
Grantham Institute

Charles Stewart Uni-
versity

Imperial College London
Carbon Removal Centre,
Foresight Transitions

MIT

TU Kaiserslautern (for-
merly ETHZ)

Harvard University

UCL

UC Santa Cruz

UC Berkeley

GEOMAR—Helmholtz
Centre for Ocean
Research Kiel

Penn State University

Indiana University

Institut Teknologi Sepu-
Iuh Nopember
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Name Actor type Gender Country Institution
Lehmann, Johannes Universities+research  Male ~ USA Cornell University
institutes
Lin, Albert Universities + research ~ Male USA UC Davis
institutes
MacMartin, Doug Universities+research ~ Male  USA Cornell University
institutes
Mahajan, Aseem Universities+research  Male ~ USA Harvard University
institutes
Malik, Abdul Universities + research ~ Male Saudi Arabia King Abdullah Univer-
institutes sity of Science and
Technology (formerly
Grantham Institute)
Mengis, Nadine Universities +research ~ Female Germany GEOMAR—Helmbholtz
institutes Centre for Ocean
Research Kiel
Michaelowa, Axel Universities +research  Male  Switzerland University of Zurich/
institutes/private Perspectives Climate
sector 4 industrial Group
associations
Moreno-Cruz, Juan Universities + research ~ Male Canada University of Waterloo
institutes
Morrow, David Universities+research  Male ~ USA American University
institutes
Odoulami, Romaric Universities+research  Male  South Africa University of Cape Town
institutes
Pidgeon, Nick Universities+research  Male UK Cardift University
institutes
Pongratz, Julia Universities +research ~ Female Germany University of Munich
institutes
Preston Aragones, Mark Civil society Male  Norway Bellona Foundation
Raimi, Kaitlin T Universities+research ~ Female USA University Michigan
institutes
Reynolds, Jesse Universities+research  Male =~ USA/Netherlands UCLA/Independent
institutes Consultant
Rickels, Wilfried Universities + research  Male ~ Germany Kiel Institute
institutes
Robock, Alan Universities+research  Male ~ USA Rutgers University
institutes
Schleussner, Carl Civil society Male USA Climate Analytics
Simonelli, Lucia Civil society Female USA Carbon 180
Smith, Pete Universities + research ~ Male UK University of Aberdeen
institutes
Smith, Wake Universities +research ~ Male ~ USA Harvard University
institutes
Spangenberg, Joachim  Universities+research  Male ~ Germany Sustainable Europe
institutes Research Institute SERI
Germany
Stephens, Jennie Universities+research ~ Female USA Northeastern University
institutes
Stoefs, Wijnand Civil society Male  Belgium Carbon Market Watch
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Name Actor type Gender Country Institution

Sugiyama, Masahiro Universities+research  Male  Japan University of Tokyo
institutes

Sunny, Nixon Universities+research  Male UK Imperial College London

van Vuuren, Detlef

Victor, David
Wolske, Kimberly S
Wood, Robert

Workman, Mark

institutes

Government + intergov-
ernmental organiza-
tions

Universities + research
institutes

Universities + research
institutes

Universities + research
institutes

Universities + research
institutes

Male Netherlands

Male  USA
Female USA
Male  USA
Male UK

PBL Netherlands Envi-
ronmental Assessment
Agency

UC San Diego

University Chicago
University of Washington

Energy Futures Lab,
Imperial College
London
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Appendix 3 Data tables

Q4: Ranking of CDR options

Statistics

Affor- Soil Bio- BECCS Enhanced  Ocean Blue  Eco- DACCS CCUS

estation  carbon  char weathering  alka- car- system

and seques- liniza-  bon restora-

refor- tration tionor and tion

estation fertili-  sea-

zation  grass
N Valid 70 66 68 68 69 65 67 68 69 69
Miss- 4 8 6 6 5 9 7 6 5 5
ing

Mean 2.61 3.76 5.74 543 6.20 8.97 643 3.82 5.39 6.04
Median 2.00 3.00 6.00 5.50 6.00 10.00 6.00 3.00 6.00 7.00
Std. deviation 1.627 2.000 2.027 2.301 2.272 1457 2169 2.648 2.824 3.440
Minimum 1 1 1 1 1 4 1 1 1 1
Maximum 8 10 10 10 10 10 10 10 10 10

Q5: Ranking of SRM options

Statistics
Strato- Marine Cirrus Space- Albedo Albedo Albedo Albedo Ice High
spheric cloud cloud based modifi- man- man- man- pro- altitude
aerosol bright- thin-  (extra- cation  age- age- age- tection sun-
injec-  ening  ning  terres- via ment ment ment shades
tion trial)  human via via via
reflec- settle-  grass-  deserts clouds
tors ments  lands
and
crops
N Valid 60 60 58 59 60 58 58 57 59 57
Miss- 14 14 16 15 14 16 16 17 15 17
ing
Mean 5.02 4.52 552 754 340 4.05 5.76 6.12 458 754
Median 5.00 4.50 6.00 9.00 3.00 3.50 5.50 6.00 4.00  8.00
Std. deviation  3.798  2.296  2.319 2.867 2395 2409 2401 1.722 2972 2.188
Minimum 1 1 2 1 1 1 1 2 1 1
Maximum 10 10 10 10 10 10 10 10 10 10

@ Springer



Page310f50 58

Mitig Adapt Strateg Glob Change (2022) 27:58

00000 00°000T 00°08$ 00°00S 00911 0911 0°0001 00°00S 000°00S 070001 WINWIXeA
0000 000 100 000 00 00 00 000 0000 0] WA
1T€ST6'96  09090°L9T $S8TLETT 99YLS TTT 66L1°65C ¥8€0°v€ T0TTILT  $SOSL'LTT  9S898T €01 yLY8T6O1 UONEBIASD "PIS
00000°T 0000°T 0000°T 00S€°0 0000 0SL0 000C 00SL°0 00000°C 000C UeIpON
1¥0SS+C 6811°8¢ $886°S¢ 00¥€'9¢C 016'8S LLEET £8L°81 L9EEOY 6S150°9¢ 0ST'19 UBIN
Ly 8¢ (4 ¥S ¥S 14 6€ 44 (44 8¢ SuIssI

LT 9¢ ST 0c 0c 9t 99 0¢ [43 9¢ PIEA N

uonezInIdj uon

uoneIo)sar  sseiSeas pue  JO UOHEZIUIEN[e  SuLIOUIEOMm uonensonbas  -)sa1ofer pue

SNOO SOova WoISASOOF  UOQIED an[e uead0 padueyuy $204d4 Jeyporg  UOQIed 10§ UOHEISAUORY
SonsneIS

uononpar gD Jo suoyeSin :90)

pringer

As



Mitig Adapt Strateg Glob Change (2022) 27:58

58 Page 32 of 50

100°001 1001 100°001 1001 000°01 0s 0001 00¢ 100°001 1001 wnwrxep
SL 0 001 0¢ 0 0 S 0 0S S wnwiuty
TrL'09T°TE L96'10€  61T08LTT 8LT'8TC SI8'LEET 26C91 §TS 98¢ VLSS  9L8'06L°8T S1699¢ UOTIBIASD "PIS
00°00C 0008 00008 00001 0S°L8 000 00°SL 000 00°sCC 0008 UBIPIN
0S°9Z€T1 S6'CS1 18°€€99 Ie1el L9'9¢9 LT'6 8191 00°6€ ST6LS8 co'eel UesN
9¢ 99 LE 93 9¢ 9¢ €9 19 9 19 SuIssIiy

81 61 LE 6¢ 81 81 11 €l Cl €l PIEA N

wnuwr wmnur wnurxew wnurarae

wnwxew wnwun  -rxew—sser§  -iurw—sse1S  —uonezinioy  —UuoneZI[1Io)

umuu wnux wnuwrxew wnururr —UuorneI0)sax —UoneI0)sax -B3s pue -B3s pue JO uomnezZIurp JO uonezmurp

SIXBN—SNDD  -lUut—SN D) —s$00Vda —S$D0vVda woIsAs0og woysAs00g  uoqIed anjg uoqied anfg -ey[e uBddQ -By[e uBdQ
sonsnels
100°001 1001 100001 1001 100°001 1001 0ST SL 0001 001 wnwixen
0¢ 0 Sl S 0¢ 0 0 0 0 0 Wt
868'81€°CT YLOCIT T98'799°L1 860°¢LI L9L'S8S 61 1€1°981 961" Cy 123041 8Y'8LI L6L91 uonelAsp 'pis
00°00C 00°0¢ 00°00¢ 00°SL 00°00T 00°0¢ 000§ 000 000§ 00°S UBIPIAL
0€°081¢ £vL8 $€'699¢ LL'TOT CTI'8L6E 0S'¥S 6L°9S 199 L9TTT LT'6 eI\

S €S [44 34 8 9 4 34 44 8¢ Suissiy

0¢ 1 [43 1€ 9T 8¢ 8¢ 1€ €€ 9¢ PI[EA N

wnuw wnw

wnw wnuw wnw  -IXew—uon  -[ulu—uon

wnwirxew  -Mun—asut -IXeW—Uo1)  -[U[—uon -B)S9I0JoI -B]S0J0JaI

—3uroyjeom -Ioyjeom  wNwWIXew wnwume  Wnwixeuw wnwrur -ensonbos -ensanbos pue uon pue uon

paosueyuyg poouequgy  —SDDOA9 —SDDHAd  —Ieyoorg — —Ieyoorg UO0QIed [I0S  UO0QIEd [10S -BISOIOLY -BISQIOPY
sonsnelsg

7001 1ad 1500 WnwITXEW pue WNWIUIA /0

pringer

A's



Page330f50 58

Mitig Adapt Strateg Glob Change (2022) 27:58

01 6 9 6 01 6 01 6 8 8 wnuirxepy
I I I I [4 I I I I I Wit
89°C 611C 8971 8661 ele’l VL8'T orie SSL'T §eo'1 6v9'1 UOLBIASP "PIS
00y 00y 001 00°¢ 00’8 00y 00°S 00°¢ 00C 00°¢ UBIPIIN
[42% 9y 60°C sCe 86°L ey 99°¢ 6C'¢ 86°C 6'C UBN
81 81 81 €C 4 91 91 81 L1 I SuissIn
9¢ 9¢ 96 IS IS 8¢ 8¢S 9¢ LS €9 PIEA N
UONRZI[1}I] Uol}  UOIIR)SAI0JAI
UOIBIOISAI  SSBISEIS pue 1O UONBZIUI]  SULIdYIBIM -ensonbas pue uon
SNDD SOOVA  WQISAS00g uoqied an[g -y UBIdQ pasueyuyg NoR:L:l Ieyoorg  UoqIed [10S -B)SAIOYY
SonsneIS
SSQUDYSTY :60
8 8 8 8 ST 8 0l 8 8 8 wnuixey
0 0 0 0 0 0 0 0 0 0 WUty
OLY'T YLV T So6v'1 L4 860°€ 08T €CCTT S6v'1 Sev'l 00L°T uonersdp 'pig
000 000 000 000 000 000 000 000 000 000 UBIPIN
€60 LEO €0 6£0 060 S0 990 ¥€0 70 L60 UBIN
144 44 94 i St St (44 Sy w 9¢ Sutssi
0¢ 0¢ 6C 8¢ 6C 6C [43 6C [43 8¢ PIEA N
sdoxo pue SIUQUIAIIOS $10)09]ja1
SpNoTo BIA S)19S9P BIA  SPUR[SSBIS BIA uewny era ([e1nsa119) uon
sopeysuns juowoSeuew  juowoSeurw!  JUSWASRURW  UOHEBOYIPOW -B1)X9) Suruuny SuuoySuq  -oafur josoror
opmnre-yStHy  uonosajoid 091 opaqry opaqry opaqry opaqly  poseq-ooed§  pnod snim) - pnopo dulejy  ouydsoyens
sonsnels

uononpar ainjeroduwad) 9[qrsea :80)

pringer

As



Mitig Adapt Strateg Glob Change (2022) 27:58

58 Page 34 of 50

00°080¢ 00°00T¢C 00°080¢ 00°SL0C 00°6L0C 00°080C 00°0L0¢ 000L0C 00°090¢ 00°050T Wntrxej
00°120¢ 00°0€0C 00°T20c 00°120¢ 00°0€0¢ 00°0€0C 00°520¢ 00°520¢ 00°120¢ 00°120C wnuwruiy
€18TTI 97TE9 Pl Y6I0L 11 €6THS'T1 €698°€1 96869°€1 TE116°01 8892001 126828 1L6LL'S UoneIASD “PIS
0000°0%0¢ 0000°050¢ 0000°0€0¢ 0000°s€0C 0000°050¢ 0000°050¢ 0000°0%0¢ 0000°s€0C 0000°s€0C 0000°0£0¢ UBIpI]AL
91£9'6£0C 988'8¥0¢ 8018°¢€0C 00SL°LE0T ITITTIS0C 98¢y 8¥0¢ £eee’1v0C IL¥9'8€0C 8¢91°6€0C 98¢y CE0C UBsN
9¢ 0¢ LE 0S S9 Bl [43 oy 1€ 54 Suissiy

8¢ L4 LE (4 6 8¢ w 123 € 67 PI[eA N

UONRZI[11I] uorn

uoneIo)sar  sse1deas pue 10 uoneZIu Suroyream uonensanbaes  -)salojaI pue

SNDD Ne®) /¢l wosAs0oyg uoqIed an[g -By[e UBO padueyuyg [NeR L Teyoorg uoqIed [I0S  UONEISAIOYY
sonsneIs
juowkordop pue 1)IBIA (010
01 01 01 01 01 01 01 01 01 ()1 WNWIXeN
1 I 4 (4 I I ! ¥ 14 ! wnuwiury
08%'C L08'C 8LTT LLS'T 6£9°C S0LT y6v'C TEL'T SSo'1 1161 UoneIAdp "pIs
00’6 00% 00°L 00°¢ 00°¢ 00°¢ 006 008 008 0001 UBIPOIN
6S°L LTS 9L'9 (249 89% 6L'¢ 008 YL'L €8'L 98’8 UBIN

€e 8¢ (33 [43 0¢ 9¢ 8¢ 8¢ 9¢ 81 Suissti
|87 9% |87 (44 144 81 9 9% 81 9¢ PIEA N
sdoxo pue

SPUR[SSEIS  S)UQWIQ[IIOS 1030901 uonosfur

SPNO[D BIA  S)IISAP BIA BIAJUOW  URWINY BIA  ([RLNSOLID) SuruaySiiq [oso1or

sopeysuns uon JuoWeFeURW  JUSWASRURW -oSeUBW  UONEOYIPOUX -RIXQ) Suruuryy pnopo orroyds

opmne-ySty  -o9j01d 99f opaqry opaqry opaqry opaqy  paseq-ooedg  pnopo snur) QUL -o1ens
sonsnels

pringer

Qs



Page350f50 58

Mitig Adapt Strateg Glob Change (2022) 27:58

SE0'T 920’1 L0T'1 v61'1 0560 vLTT vL6°0 LST'T 901 0v6°0 UOHRIASD "PIS
00'€ 00 00’1 002 00 00'€ 00 007 007 00’1 URIpON
0g's S0y 981 Sh'e S0y €€ 8T'¢ 1ST 017 e SN

T 61 1€ 143 1€ 9z 8T ST ST 61 Sussyn
0s s £ 142 32 8% 9g 6v 6v 99 PIRA N
uon
-BZI[1IY uon
uon sserd 10 uon Sur uon -B)S210J1
-BI0)SAI -B3s pue  -BZIUI[EY[R -Ioyjeom -ensanbos pue uon
SNDD SOOVA  WaIsAsodg  uoqied anjg uead padueyuyg SODAd Ieyoolg uOqIed [I0S  -BISAIOPY
sonsnels
ssourpeal pue Jurfeosdn ASojouyoay,
s1oreg—ri 10
00001¢C 00°001¢C 00°0L0C 00°0L0C 00°6L0C 00°080C 00°001¢C 00°001¢C 00°6L0C 00°001¢C Wnwixen
00°0€0C 00°TC0T 00°$20C 00°620C 00°20C 00°TC0T 00°050C 00°0€0C 00°0£0C 00°0€0C wnwtutjy
S608L°6C 96£06'1C 61CSTY1 0000s°CI 68019°¢1 1028S°¢l 0908861 o18°1¢ 02020l CL8SY'LT UONBIASp "PIS
0000°0L0C  0000°0¥0C  0000°0SOC  0000°0¥0C  0000°0¥0C  0000°S€0C  0000°080C  0000°S¥0OC  0000°0¥0C  0000°0¥0C UBIPIIN
EVIL'0LOT  TY89'SYOC  0SLE'6VOC  €eee'eb0T  9P8E'0VOCT  00S6'9¢0C  €VIL'SLOC  CTTTTCSOC  $I88'SYOC  CIV6'LY0C eI\
L9 99 99 SY 19 123 L9 SY LS LS SutssIy
L 61 8 6 €l 0c L 6 LT LT PIEA N
sdoxo pue
SPUB[SSRIS  S)JUSWIA[IS SI0)09Jo1 uonoafur
SPNO[O BIA  S}I3SP BIA BIAUON  UBWNY BIA [eLISax Suruayy3uiq [oso1oe
sopeysuns uon  UONEIYIPOW  UONEIYIPOW -BOYIPOW  UOTJROYIPOUT Relidiel Suruury) pnorpo orroyds
opmne-ysty  -o9joad 991 opaqIy opaqry opaqry opaqy paseq-eoedg  pnojo SnIIr) QULIBIAl -ojens
SonsneIS

pringer

As



Mitig Adapt Strateg Glob Change (2022) 27:58

6v¢'1 eIel 88¢'1 T6v'1 7860 61C'1
00'Y 00°¢ 00C 00C 00C 0s'1
LEE 68'C SI'e €T 01'c 0T
ST 0T 1 6¢ € 0¢ Surssty
6% 129 oy 93 oy 144 PIEA
uon
UOIJRIOISAI  SSeISeas pue Suroyjeom -ensonbos
SNDD SOOVA  WaIsAsoog uoqIed ang pasueyuyg uoqIed [10§
sjurensuod [esodsrp/a3eiols
116°0 89C'1 ¥88°0 L9T'T oIl 9960
00°S 00t 00y 00°¢ 00C 00t
8y 9¢¢ 1Ty SI'e 91T 1Ty
St w 0s Ly W LE Surssin
6T (43 T LT (43 LE IIN
Sjusw
-9[19s
Spnopd $119S9p uewny Sur
BIA UOT) BIA UOT) BIA UOT) -uoyy3Lq
sopeysuns uon -eOYIpow -BOYIpOw -eOyIpow pnopd
spmn[e-ysiH ~ -o0joxd 9] opaqIy opaqIy opaqIy auLIRy

58 Page 36 of 50

pringer

Qs



Page370f50 58

Mitig Adapt Strateg Glob Change (2022) 27:58

80°1 8¥6°0 YLy'0 196°0 169°0 €901 S8I'L 0sT'I 6L8°0 vLO'1 UOnBIAp "PIS
00°¢ 00°¢ 00°1 001 00y 00°¢ 00°¢ 0s'1 00°1 00°1 UBIPpIN
98¢ Le I Yo'l LEY L9°C 6¢'¢ 06°1 86’1 SL'T eI
Ie v 9¢ 8¢ 1€ 1€ €C 123 1€ €C SuissIA
£y 0s 8¢ 9¢ £y 94 159 oy 94 IS PIBA N
uoneZIIIa) uon  UOTBISAIOJaI
UONeIO)SAI  SSBISEAs pue IO UOMEZIUI]  SULIdYIBIM -ensonbas pue uon

SNDD SOOVA  WQ)sAs0dg uoqied an[g  -BYE UBDQ paoueyuyg soD0dd Ieyoorg  UOQIEd [0S -BISAIONY

sonsnels

9oue)daooe [eroos pue uondeorad oriqng

L8Y'1 ws1 98¢S'1 LTT'1 8LE'] 86S'1 9IL'T 6CS’1 82! 9181 uoneIA9p 'pi§
00°¢ 00°¢ 00°¢ 0S¢ 0sC 00T 00°¢ 00¢C 001 001 UBIPIIN
68°C LT €6°C 87T 6€C 9CT LLT (44 €CT 0S¢ UL\

99 99 LS 9¢ 9¢ 99 [4S 99 43 9 Sutssiy
61 61 LT 81 81 61 [44 61 [44 8¢ PIBA N
sdoxo pue
SPUB[SSRIS  S)JUSWIAMIS S10)09[a1 uonoafur
SPNO[O BIA  S}I3SP BIA BIAUON  UBWNY BIA [e1nsar Suruoyystiq [osoIoe
sopeysuns uon  UOTEOYIpOW  UOTEOYIPOW -BOYIpOW  UOTIEIYIPOW -19)BNX9 Suruumy) pnopo ouoyds
opmne-ySty  -ooy01d 901 opaqry opaqry opaqry opaq[y paseq-aoedg  pnojo sniu) QULIBIA] -ojeng
sonsnelg

pringer

As



Mitig Adapt Strateg Glob Change (2022) 27:58

58 Page 38 of 50

o911 6111 8060 6€0'1 £68°0 8801 LS80 9901 UonelAsp 'pi§
00'C 00'C 00'C 00T 00t 00°¢ 0S'1 00C UBIPIIN
61'C S5 181 9T'C el'y ILC YL ¥0'C UBIA

1€ ST LE 6¢ e 43 [43 (44 SuIssin
974 6 LE 93 oy (44 [44 149 PIEA N
uon

RZANSREY uon

uorn sse1d J0 uon Sur uon -B)S2I0JaI

RAWINC -BOS pue  -BZIUIBY[R -19YjeaMm -ensonbas pue uon

SNDD SOOVA  WQISAS0og  uoqied anjg uead pasueyuyg uoqred [10§ -RISAIOPY
sonsneIs
$9[0®ISqO AI10JR[NTI puE [BF]
86L°0 VLI'T 9eT'l 6€C'1 eLT T €61'1 9180 Ivy°0 UOneBIASD "PIS
00°S 00°¢ 00y 00°¢ 08¢ 00C 00t 00°S UBIpIN
wy 14 7 LT'E 08¢ LOT g6'c (404 UBON
i 8t €S 0 i St vEe ST SurssI
9T 9T 1¢ 144 9T 6C or (94 PIEA N
sjuaWw
sdoxo pue -9[1es

Spnojo §119s9p  spue[sseid uewiny Sur uonoafur

BIA UOT) BIA UOT) ®IA UOT) BIA UON) -uoy3Lq [oso1ae

sopeysuns uon -eoyIpowr -ROyIpOw -ROYIpOw -eoyIpowr pnopo ouoyds

spmip[e-ySiH  -oejo1d a9 opaqry opaqry opaqry opaqry auLIey -ojeng

sonsneIs

pringer

Qs



Page390f50 58

06C'1
00°¢
L8'C
6C

Sy

LYS'1
00°¢
L6C

or
123

LICT
00C
or'c

Ve
oy

Soova

UONRZIII)
10 uoneZIul[
-ey[e uUB3dQ

uon
-ensanbas
uoqJed [10§

8LI'T UOTIRIASD PIS

00T UBIPIA

60'C BN

0¢ Surssiy

a4 PITEA N
uone)salojar
pue uon
-B1SAIOY Y

sonsneIs

uoneIIojul 01 paje[al sASUA[[eYD

SLI'T
00°¢
gee

9
8¢

6L0°1
00C
LET
Ly

LT

L660
00t
80'Y

9¢
8¢

uon
-09j01d Q01

sdoxo pue
spue[ssels
BIA UOT)
-eoyIpow
opaqIy

SuruayysS1iq
pnopo
QuULIB]A

Mitig Adapt Strateg Glob Change (2022) 27:58

¥89°0 UONBIASp "PIS

00°S UBIPIN

(424 UL\

6C SuIssiN

Sy PIBA N
uonosfur
[oso1o®
orroyds
-ojeng

sonsyels

pringer

As



Mitig Adapt Strateg Glob Change (2022) 27:58

58 Page 40 of 50

60C'1 8cl'l Tl cel'l €SIl LOT'T 09T'1 6601 o111l IL0°T UONEIASD "PIS
00°¢ 00y 00°¢ 00°¢ 00°¢ 00°¢ 00°¢ 00C 00C 00C UBIPIN
e 68°¢ 19°C 68°C 8Y'e LTE 86'C €6°C 0s¢C €eC UBN
8¢C IC 23 6¢ [43 0¢ (44 1e 0¢ €C SuissIA
oy €S 184 93 (44 124 49 94 144 5Y PIEA N
UOTJRZI[T}I0) ot  UOTIBISAIOJOI
UOIBIOISAI  SSBISEIS pue 1O UONBZIUI]  SULIdYIBIM -ensonbas pue uon
Nele o) SOOVA  WoIsAsoog uoqgied dn[g  -BY[E U pasuryuyg Neo:t:! Ieyoorg UOQIed [0S  -BISAIOPY
sonsnels
Suroueur
81 yee'l Vil ore'l (440! €ST'1 w9l 8EY'l 6S¢’l 8LY'1 UONEIASD "PIS
00°¢ 00°¢ 00°¢ 00°¢ 00°¢ 0s'1 00y 00y 0s'e 00y UeIpaN
9T'e 06'C 00°¢ 08C 08C S6'1 0S¢ 19°¢ 8¢'¢ oL'¢e eI\
99 129 8¢ 129 129 [4Y 0S IS 8y oy Sutssiy
61 0¢ 91 0C 0c (44 ¥C €C 9¢ 143 PI[EA N
sdoxo pue
SPUB[SSRIS  S)JUSWIAMIS SI10)09J01 uonoafur
SPNO[O BIA  S}I3SP BIA BIAUON  UBWNY BIA [eLISaI Suruayy3uiq [osoxoe
sopeysuns uon UONEIYIPOW  UONEIYIPOW -BOYIPOW  UOTJROYIPOUT Relidiel Suruury) pnoro orroyds
opmne-ysty  -o9joad 991 opaqIy opaqry opaqry opaqy paseq-eoedg  pnojo SnIIr) QULIBIAl -ojens
SonsneIS

pringer

A s



Page 41 0f50 58

Mitig Adapt Strateg Glob Change (2022) 27:58

6611 SLE'T 0CI'l 6L0'1 69C'1 IST'T 8ST'T 9101 €901 9eT'l UONEIASD "PIS
00C 00°¢ 00T 00°¢ 00y 00°¢ 00°¢ 00C 00C 00C UBIPIN
£€9°C e 9 08°C 6v'¢ ere §9C LST ev'e 0ce UBIN

123 LT 33 6¢ 6¢ 33 9C [43 [43 4 SutssIA
Iy Ly 6¢ 93 ge 6¢ 8 w (44 61 PIEA N
UOTIBZI[T}IS) UoT}  UOTJE)SAIOJOI
UOIBIOISAI  SSBISEIS pue 1O UONBZIUI]  SULIdYIBIM -ensonbas pue uon
SNDD SOOVA ~ WAISAs00 uoqied on[g  -BY[E UBSD(Q  PRdUBYUY soDdd YOOI  UOQIEd [I0§  -BISQIONY
SONSIEIS
puBwop 1IBA

01 SLT'T S90°1 el YTl €9¢'l 11 el 96C'1 L6E'1 UOTJBIASD PIS
00°s 00°¢ 00°¢ 00°¢ 00°¢ 0¢'¢ 00°¢ 00'¥ 00°¢ 00°¢ UBIPIN
[0 % €C¢ €9'¢ Iv'e L8T 12X (4% cLe 6C'¢ €LT UBIA

61 8 99 [43 58S 8 8% 67 9% €e SuIssIy
ST 9C 61 (44 €C 9C 23 SC Ie 1y PIBA N
sdoxo pue SJUQWIA])  SI0JOd[oI
Spnojo S1I9S9p  Spue[sseI3 -}os uewiny [ernsar Sur  uwonoolur
sopeysuns BIA UOT) BIA UOT} BIA UOT) BIA UON -I0JRIIX9 Suru  -udy3uq [0soIo®.
opmnfe uon  -BOYIPOW  -BOYIPOW  -BOYIPOW  -BOYIpOW paseq  -ury) pnoyo pnojo orroyds
-ySiH -o9j01d 9901 opaqry opaqry opaqry opaqry -ooedg Niltiig) QuLIRIN -0jens
SoT)STIRIS

pringer

As



Mitig Adapt Strateg Glob Change (2022) 27:58

58 Page 42 of 50

€871 066'0 1LS0 $90°1 6£6'0 Icrt ELTT 80C'1 8960 49Nt UONEIASD "PIS
00C 00C 001 00C 00°¢S 00C 00°¢ 00C 00°1 00C UBIPIN
ev'e ({14 (44! [ (5% 6v'C Ie'e L0C 1z 80C eI\
0¢ € 23 LE Ie 53 €C 0¢ 0¢ (44 SuIssIn

144 5Y v LE € & 159 144 144 (43 PI[EA N

UuonezZINIY uol}  UOIB)SAI0JAI

UONEIO)SAI SSeISeds pue IO UOPRZIUI]  JuLIdyjeom -ensanbos pue uon

SNDD SOOVA  WQISAS0dg uoqIed an[g -y uBdQ pasueyuyg NeR Ll Ieyoolrg  uoqIed 10§ -B)SAIOPY
SonsNeIS
sysu Areyoued/[ejuswuoriaug
ser'l 89¢'1 (94! 8¢L’1 S90°'1 ! reett LLE'T 8¢l 9TS’1 uonerasp pi§
00°S 00°¢ 00y 00°¢ 00°¢ 00T 00y 00y 00y 00¥ UBIPIAL
140 % 8I'e 9¢'¢ yoe 60°¢ W €6'¢ £9°¢ see LT¢E UBSN

€S s 9¢ €S 14y 6y 4 0S 8 Iy Sursst
1c (44 81 1c (44 ST 8T T 9T €€ PIEA N
sdox pue SJUSWIA[NOS

SpNoo LIA §)I0SOP BIA  SPUR[SSEIS BIA URWNY BIA  SI0JOQPI [BLI) uon

sapeysuns UOEIYIPOW  UONEOYIPOW  UOHEOYIPOW  UOHEIYIPOUW -SOLIRJeIIXd Suruury SuruoyyStq  -oafur josoroe

opmnpe-ySig  uonodajoid o] opaqry opaqry opaqry opaqry  peseq-ooed§  pnopd snim)  pnop duujy  ouydsoyens
sonsnels

pringer

&l



Page 43 0f50 58

Mitig Adapt Strateg Glob Change (2022) 27:58

969°T 679°1 1LET €LS'T $96°0 091 689°1 uoneIASp "PIS
00°¢ 00°¢ 00'1 001 0S'1 ue ‘0G| 00t UBIPSA
08T (434 L9'T SIe SL1 $1°T 0g'e uBdN
65 LS 79 19 9 09 S Surssiy

SI LT ! ¢l ! 4! 0T PIEA N

uon  uone)SaAIOJax

uorneIo)sal mcﬁcsamo\ﬁ ébm@ﬂ@@w pue uon

SNDD SOOVA  walsAsoog pasueyuyg Ieyoorg  uogred [10§ -BISAIOY Y
sonsnels
SI10108] 1910
8ET'T 9CI'1 o6cI'l €SL°0 1L8°0 €680 €960 uonerAdp pis
00'¥ 00°¢ 00 001 00°S 00'¥ 00°S UBIPI]A
€6'€ 96°C €8¢ S 6Tt €1y Iy uesy

Ly Ly 0S Lt ot 1z3 4 SuIssin
LT LT vC LT 149 o IS PIHEA N
SJUIWIAIAS

SpNo[o BIA uewiny eIA uon

sopeysuns uonesyIpow uonedyIpowr Suruury SuruoyyStq  -oafur [osoror

opmne-y3iy  uonssjoxd 93] opaqry opaqry PnoJO SNIII)  pnopo dullely  dOuaydsoreng
sonsnels

pringer

As



Mitig Adapt Strateg Glob Change (2022) 27:58

58 Page 44 of 50

ceL’l (32! 80C 00S°1 9180 LLSO 450! €e9'1 66L'1 YLt uoneIA9p 'pi§
00t 00'1 00C 00°¢ 00C 0s'1 00°¢S 0S¢ 00°¢ 00y UBIPIIN
0S¢ 0T'e L9T SLT 00C 0S'1 (344 €e'e 6C¢ 09°¢ UL\
0L 69 IL 0L 0L 0L L9 89 L9 6S Sutssiy
14 S € % 14 14 L 9 L Sl PIEA N
sdoxo pue
SPUB[SSRIS  S)JUSWIAMIS S10)09[a1 uonoafur
SPNO[O BIA  S}I3SP BIA BIAUON  UBWNY BIA [e1nsar Suruoyystiq [osoIoe
sopeysuns uon  UOTEOYIpOW  UOTEOYIPOW -BOYIpOW  UOTIEIYIPOW -19)BNX9 Suruumy) pnopo ouoyds
opmne-ySty  -ooy01d 901 opaqry opaqry opaqry opaq[y paseq-aoedg  pnojo sniu) QULIBIA] -ojeng
sonsnelg

pringer

Qs



Mitig Adapt Strateg Glob Change (2022) 27:58 Page 450f50 58

Acknowledgements This project has received funding from the European Union’s Horizon 2020
research and innovation program under the European Research Council (ERC) Grant Agreement No.
951542-GENIE-ERC-2020-SyG, “GeoEngineering and Negatlve Emissions pathways in Europe” (GENIE).
The content of this deliverable does not reflect the official opinion of the European Union. Responsibility for
the information and views expressed herein lies entirely with the author(s).

Declarations
Conflict of interest The authors declare no competing interests.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International License,
which permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source, provide a link to the Creative Com-
mons licence, and indicate if changes were made. The images or other third party material in this article
are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Abdulla A, Azevedo IL, Morgan MG (2013) Expert assessments of small modular reactor costs. Proc Natl
Acad Sci 110(24):9686-9691

Amelung D, Funke J (2015) Laypeople’s risky decisions in the climate change context: climate engineer-
ing as a risk-defusing strategy? Hum Ecol Risk Assess Int J 21(2):533-559. https://doi.org/10.1080/
10807039.2014.932203

Anadon LD, Baker E, Bosetti V et al (2016) Expert views - and disagreements - about the potential of
energy technology R&D. Clim Change 136:677-691. https://doi.org/10.1007/s10584-016-1626-0

Anderson K, Jewell J (2019) Debating the bedrock of climate-change mitigation scenarios. Nature
573:348-349

Anderson K, Peters G (2016) The trouble with negative emissions. Science 354:182-183

Armeni C (2015) Global experimentalist governance, international law and climate change technologies. Int
Comp Law Q 64(4):875-904. https://doi.org/10.1017/S0020589315000408

Barrett S, Lenton TM, Millner A, Tavoni A et al (2014) Climate engineering reconsidered. Nature. Clim
Change 4:527-529

Baum CM, Low S, Sovacool BK (2022) Between the sun and us: expert perceptions on the innovation,
policy, and deep uncertainties of space-based solar geoengineering. Renewable Sustain Energy Rev
158:112179

Bellamy R (2018) Incentivize negative emissions responsibly. Nat Energy 3:532-534

Bellamy R, Chilvers J, Vaughan NE (2016) Deliberative mapping of options for tackling climate change:
citizens and specialists ‘open up’ appraisal of geoengineering. Public Underst Sci 25(3):269-286.
https://doi.org/10.1177/0963662514548628

Bertram C, Merk C (2020) Perceptions of ocean-based carbon dioxide removal: the nature-engineering
divide? Front Clim 2:594194. https://doi.org/10.3389/fclim.2020.594194

Biermann F, Moller I (2019) Rich man’s solution? Climate engineering discourses and the marginalization
of the Global South. Int Environ Agreements 19:151-167

Biermann F, Oomen J, Gupta A, Ali SH, Conca K, Hajer MA, Kashwan P, Kotzé LJ, Leach M, Messner D,
Okereke C, Persson A Potocnik J, Schlosberg D, Scobie M, Vandeveer SD (2022) Solar geoengineer-
ing: the case for an international non-use agreement. Wiley Interdiscip Rev: Clim Change 13:e754

Braun C, Merk C, Ponitzsch G, Rehdanz K, Schmidt U (2018) Public perception of climate engineering and
carbon capture and storage in Germany: survey evidence. Climate Policy 18(4):471-484. https://doi.
org/10.1080/14693062.2017.1304888

Braunreiter L, van Beek L, Hajer M, van Vuuren D (2021) Transformative pathways — Using integrated
assessment models more effectively to open up plausible and desirable low-carbon futures. Energy
Res Soc Sci 80:102220

@ Springer


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1080/10807039.2014.932203
https://doi.org/10.1080/10807039.2014.932203
https://doi.org/10.1007/s10584-016-1626-0
https://doi.org/10.1017/S0020589315000408
https://doi.org/10.1177/0963662514548628
https://doi.org/10.3389/fclim.2020.594194
https://doi.org/10.1080/14693062.2017.1304888
https://doi.org/10.1080/14693062.2017.1304888

58 Page 46 of 50 Mitig Adapt Strateg Glob Change (2022) 27:58

Brent K, McGee J, McDonald J (2015/2016) The governance of geoengineering: an emerging challenge for
international and domestic legal systems? [online]. J Law, Inf Sci 24(1):1-33

Buck HJ (2016) Rapid scale-up of negative emissions technologies: social barriers and social implications.
Clim Change 139:155-167

Buck HJ (2018) The politics of negative emissions technologies and decarbonization in rural communities.
Global Sustain 1(e2):1-7. https://doi.org/10.1017/sus.2018.2

Buck HJ (2019) Challenges and opportunities of bioenergy with carbon capture and storage (BECCS) for
communities. Curr Sustain/Renewable Energy Rep

Buck HIJ et al (2020) Adaptation and carbon removal. One Earth 3(4):425-435

Butler HN, Macey JR (1996) Externalities and the matching principle: the case for reallocating environmen-
tal regulatory authority, Yale Law & Policy Review Vol. 14, No. 2, Symposium issue: Constructing a
new federalism: jurisdictional competence and competition pp. 23—-66 (44 pages)

Butnar I et al (2020) A deep dive into the modelling assumptions for biomass with carbon capture and
storage (BECCS): a transparency exercise. Environ Res Lett 15:084008

Campbell-Arvai V, Hart PS, Raimi KT, Wolske KS (2017) The influence of learning about carbon diox-
ide removal (CDR) on support for mitigation policies. Clim Change 143(3):321-336. https://doi.
org/10.1007/s10584-017-2005-1

Caputo V, Lusk JL (2020) What agricultural and food policies do U.S. consumers prefer? A best—worst
scaling approach. Agric Econ 51:75-93

Carlisle DP, Feetham PM, Wright MJ, Teagle DAH (2020) The public remain uninformed and wary of
climate engineering. Clim Change 160(2):303-322. https://doi.org/10.1007/s10584-020-02706-5

Carton W, Lund JF, Dooley K (2021) Undoing equivalence: rethinking carbon accounting for just carbon
removal. Front Clim. https://doi.org/10.3389/fclim.2021.664130

Clery DS, Vaughan NE, Forster J, Lorenzoni I, Gough CA, Chilvers J (2021) Bringing greenhouse gas
removal down to earth: stakeholder supply chain appraisals reveal complex challenges. Glob Envi-
ron Chang 71:102369

Cox E, Spence E, Pidgeon N (2020) Public perceptions of carbon dioxide removal in the United
States and the United Kingdom. Nat Clim Chang 10(8):744-749. https://doi.org/10.1038/
s41558-020-0823-z

Cox E, Boettcher M, Spence E, Bellamy R (2021) Casting a wider net on ocean NETs. Front Clim
3.https://doi.org/10.3389/fclim.2021.576294

Craik N (2015) International EIA law and geoengineering: do emerging technologies require special
rules. Climate Law 5(2-4):111-141

Creutzig F et al (2019) The mutual dependence of negative emission technologies and energy systems.
Energy Environ Sci 2019:12

Dai Z, Burns ET, Irvine PJ et al (2021) Elicitation of US and Chinese expert judgments show con-
sistent views on solar geoengineering. Humanit Soc Sci Commun 8:18. https://doi.org/10.1057/
$41599-020-00694-6

Delina L (2021) Southeast Asian expert perceptions of solar radiation management techniques and car-
bon dioxide removal approaches: caution, ambivalence, risk precaution, and research directions.
Environ Res Commun 3:125005

Draper K (2021) Biochar: Safe, scalable & shovel ready. Ithaka Institute.

Dutschke M, Schlamadinger B, Wong JLP, Rumberg M (2005) Value and risks of expiring carbon cred-
its from afforestation and reforestation projects under the CDM. Climate Policy 5:109-125

EASAC (2018) Negative emission technologies: what role in meeting Paris Agreement targets? EASAC
policy report 35

Erdem S, Rigby D, Wossink A (2012) Using best—worst scaling to explore perceptions of relative
responsibility for ensuring food safety. Food Policy 37(6):661-670

Fleurke F (2016) Future prospects for climate engineering within the EU legal order. Eur J Risk Regul
7(1):60-74. https://doi.org/10.1017/S1867299X00005407

Fridahl M, Lehtveer M (2018) Bioenergy with carbon capture and storage (BECCS): global potential,
investment preferences, and deployment barriers, Energy Research & Social. Science 42:155-165

Fuhrman J, McJeon H, Doney SC, Shobe W, Clarens AF (2019) From zero to hero?: Why integrated
assessment modeling of negative emissions technologies is hard and how we can do better. Front
Clim 1:11. https://doi.org/10.3389/fclim.2019.00011

Fuhrman J, Clarens A, Calvin K, Doney SC, Edmonds JE, O’Rourke P ... McJeon H (2021) The role
of direct air capture and negative emissions technologies in the shared socioeconomic pathways
towards +1.5 °C and +2 °C futures. Environ Res Lett 16(11):1-15

Fuss S, Canadell JG, Peters GP, Tavoni M et al (2014) Betting on negative emissions. Nat Clim Chang
4:850-853. https://doi.org/10.1038/nclimate2392

@ Springer


https://doi.org/10.1017/sus.2018.2
https://doi.org/10.1007/s10584-017-2005-1
https://doi.org/10.1007/s10584-017-2005-1
https://doi.org/10.1007/s10584-020-02706-5
https://doi.org/10.3389/fclim.2021.664130
https://doi.org/10.1038/s41558-020-0823-z
https://doi.org/10.1038/s41558-020-0823-z
https://doi.org/10.3389/fclim.2021.576294
https://doi.org/10.1057/s41599-020-00694-6
https://doi.org/10.1057/s41599-020-00694-6
https://doi.org/10.1017/S1867299X00005407
https://doi.org/10.3389/fclim.2019.00011
https://doi.org/10.1038/nclimate2392

Mitig Adapt Strateg Glob Change (2022) 27:58 Page 47 of 50 58

Fuss S et al (2018) Negative emissions—Part 2: Costs, potentials and side effects. Environ Res Lett
13:063002

Galik CS, Murray BC, Mitchell S et al (2016) Alternative approaches for addressing non-permanence
in carbon projects: an application to afforestation and reforestation under the Clean Development
Mechanism. Mitig Adapt Strateg Glob Change 21:101-118

Garg V (2014) Engineering a solution to climate change: suggestions for an international treaty regime
governing geoengineering. ] Law Technol Policy 1:197-218

Gasser T et al (2015) Negative emissions physically needed to keep global warming below 2C. Nat
Commun 6:7958. https://doi.org/10.1038/ncomms8958

Geels FW, Sovacool BK, Schwanen T, Sorrell S (2017) Sociotechnical transitions for deep decarbonisa-
tion. Science 357(6357):1242—-1244

GESAMP (2019) High level review of a wide range of proposed marine geoengineering techniques”. (Boyd
PW, and Vivian CMG, eds.). IMO/FAO/UNESCO-IOC/UNIDO/WMO/IAEA/UN/UN Environment/
UNDP/ISA Joint Group of Experts on the Scientific Aspects of Marine Environmental Protection).
Rep. Stud. GESAMP No. 98. p 144

Grant N, Hawkes A, Mittal S, Gambhir A (2021) The policy implications of an uncertain carbon dioxide
removal potential. Joule 5(10):2593-2605

Grubler A, Wilson C, Nemet G (2016) Apples, oranges, and consistent comparisons of the temporal dynam-
ics of energy transitions, Energy Research & Social. Science 22:18-25

Hanna R, Abdulla A, Xu Y et al (2021) Emergency deployment of direct air capture as a response to the
climate crisis. Nat Commun 12:368. https://doi.org/10.1038/s41467-020-20437-0

Heutel G, Moreno-Cruz J, Ricke K (2015) Climate engineering economics. NBER Working Paper Series

Honegger M, Reiner D (2017) The political economy of negative emissions technologies: consequences for
international policy design. Climate Policy

Honegger M, Michaelowa A, Roy J (2021a) Potential implications of carbon dioxide removal for the sus-
tainable development goals. Climate Policy 21(5):678-698. https://doi.org/10.1080/14693062.2020.
1843388

Honegger M, Michaelowa A, Pan J (2021b) Potential implications of solar radiation modification for
achievement of the Sustainable Development Goals. In: Mitig Adapt Strateg Glob Change. https://doi.
org/10.1007/s11027-021-09958-1

Honegger M, Poralla M, Michaelowa A, Ahonen H-M (2021c) who is paying for carbon dioxide removal?
Designing policy instruments for mobilizing negative emissions technologies Front. Clim 3:672996.
https://doi.org/10.3389/fclim.2021.672996

Houghton RA, Byers B, Nassikas AA (2015) A role for tropical forests in stabilizing atmospheric CO2. Nat
Clim Chang 5:1022-01023. https://doi.org/10.1038/nclimate2869

International Biochar Association (2021) Biochar and the UN sustainable development goals: beyond car-
bon sequestration

International Energy Agency Greenhouse Gas Division, Element Energy, and Imperial College London
(2021) Assessment of Global Direct Air Capture Potential

Jaeger SR, Jgrgensen AS, Aaslyng MD, Bredie WLP (2008) Best—worst scaling: an introduction and ini-
tial comparison with monadic rating for preference elicitation with food products. Food Qual Prefer
19(6):579-588

Jeffery L, Hohne N, Moisio M, Day T, Lawless B (2020) Options for supporting carbon dioxide removal,
New Climate Institute

Jinnah S, Nicholson S (2019) The hidden politics of climate engineering. Nat Geosci 12:874-879

Jinnah S, Nicholson S (2019a) Introduction to the symposium on ‘Geoengineering: Governing Solar Radia-
tion Management.” Environ Polit 28(3):385-396. https://doi.org/10.1080/09644016.2019.1558515

Jobin M, Siegrist M (2020) Support for the deployment of climate engineering: a comparison of ten differ-
ent technologies. Risk Anal 40(5):1058-1078. https://doi.org/10.1111/risa.13462

Keeney RL, Raiffa H (1993) Decisions with multiple objectives Cambridge university press

Keith D (2013) A case for climate engineering. MIT Press

Klaus G, Ernst A, Oswald L (2020) Psychological factors influencing laypersons’ acceptance of climate
engineering, climate change mitigation and business as usual scenarios. Technol Soc 60:101222.
https://doi.org/10.1016/j.techsoc.2019.101222

Lam LT, Branstetter L, Azevedo IL (2018) A sunny future: expert elicitation of China’s solar photovoltaic
technologies. Environ Res Lett 13(3):034038

Long C, Duan L, Bala G, Caldeira K (2017) Simultaneous stabilization of global temperature and precipita-
tion through cocktail geoengineering. Geophys Res Lett 44(14):28

Low S, Honegger M (2020) A Precautionary Assessment of Systemic Projections and Promises From Sun-
light Reflection and Carbon Removal Modeling. Risk Anal. https://doi.org/10.1111/risa.13565

@ Springer


https://doi.org/10.1038/ncomms8958
https://doi.org/10.1038/s41467-020-20437-0
https://doi.org/10.1080/14693062.2020.1843388
https://doi.org/10.1080/14693062.2020.1843388
https://doi.org/10.1007/s11027-021-09958-1
https://doi.org/10.1007/s11027-021-09958-1
https://doi.org/10.3389/fclim.2021.672996
https://doi.org/10.1038/nclimate2869
https://doi.org/10.1080/09644016.2019.1558515
https://doi.org/10.1111/risa.13462
https://doi.org/10.1016/j.techsoc.2019.101222
https://doi.org/10.1111/risa.13565

58 Page 48 of 50 Mitig Adapt Strateg Glob Change (2022) 27:58

Low SJ, Baum C, Sovacool BK (2022a) Rethinking net-zero systems, spaces, and societies: “hard” ver-
sus “soft” alternatives for nature-based and engineered carbon removal. Global Environ Change
75(102530):1-15

Low S, Baum C, Sovacool BK (2022b) Taking it outside: exploring social opposition to 21 early-stage
experiments in radical climate interventions. Energy Res Soc Sci 90:102594

MacMartin DG, Irvine PJ, Kravitz B, Horton JB (2021) Characteristics of a solar geoengineering deploy-
ment: considerations for governance. In: Burns W, Dana D, Nicholson SJ (eds) Climate geoengineer-
ing: science, law and governance. AESS Interdisciplinary Environmental Studies and Sciences Series,
Springer, Cham. https://doi.org/10.1007/978-3-030-72372-9_2

McLaren DA (2012) comparative global assessment of potential negative emissions technologies. Process
Saf Environ Protect 90(6):489-500

McLaren DP (2018) Whose climate and whose ethics? Conceptions of Justice in Solar Geoengineering
Modelling. Energy Res Soc Sci 44:209-221

McLaren D (2020) Quantifying the potential scale of mitigation deterrence from greenhouse gas removal
techniques. Clim Change. https://doi.org/10.1007/s10584-020-02732-3

McLaren D, Quantifying the potential scale of mitigation deterrence from greenhouse gas removal tech-
niques, Climatic Change (in press, 2020)

McQueen N, Desmond MJ, Socolow RH, Psarras P, Wilcox J (2021a) Natural gas vs electricity for sol-
vent-based direct air capture. Front Clim 2:618644. https://doi.org/10.3389/fclim.2020.618644

McQueen N, Kolosz B, Psarras P, McCormick C (2021b) Analysis and quantification of negative emis-
sions. CDR Primer, edited by J Wilcox, B Kolosz, J Freeman. Available at https://cdrprimer.org/
read/chapter-4. Accessed 10 Dec 2021

Merk C, Klaus G, Pohlers J, Ernst A, Ott K, Rehdanz K (2019) Public perceptions of climate engineer-
ing: Laypersons’ acceptance at different levels of knowledge and intensities of deliberation. GAIA
- Ecol Perspect Sci Soc 28(4):348-355

Michaelowa A (2021) Solar radiation modification - A “silver bullet” climate policy for populist and
authoritarian regimes? In: Global Policy 12(Supplement 1):119-128

Ministry of the Environment (2020) Government Officecs of Sweden. Sweden’s longterm strategy for
reducing greenhouse gas emissions December 2020

Morgan MG (2014) Expert elicitation for decision making. Proc Natl Acad Sci 111(20):7176-7184

National Academies of Sciences Engineering, and Medicine (2019) Negative emissions technologies and
reliable sequestration: a research agenda. The National Academies Press, Washington, DC. https://
doi.org/10.17226/25259

National Academies of Sciences Engineering, and Medicine (2021) Reflecting sunlight: recommenda-
tions for solar geoengineering research and research governance. The National Academies Press,
Washington, DC. https://doi.org/10.17226/25762

National Research Council (2015) Climate intervention: carbon dioxide removal and reliable sequestra-
tion. The National Academies Press, Washington, DC. https://doi.org/10.17226/18805

Nicholson S, Jinnah S, Gillespie A (2018) Solar radiation management: a proposal for immediate
polycentric governance. Clim Policy 18(3):322-334. https://doi.org/10.1080/14693062.2017.
1400944

O’Neill BC, Carter TR, Ebi K, Harrison PA, Kemp-Benedict E, Kok K ... Pichs-Madruga R (2020)
Achievements and needs for the climate change scenario framework. Nat Clim Change
10:1074-1084

Obersteiner M et al (2018) How to spend a dwindling greenhouse gas budget. Nat Clim Change 8:2-12

Parliamentary Office of Science and Technology (2017) Greenhouse gas removal. POSTNOTE Number
549. London.

Parson EA, Buck HJ (2020) Large-scale carbon dioxide removal: the problem of phasedown. Glob Envi-
ron Polit 20:3. https://doi.org/10.1162/glep_a_00575

Pidgeon NF, Spence E (2017) Perceptions of enhanced weathering as a biological negative emissions
option. Biol Let 13(4):20170024. https://doi.org/10.1098/rsbl.2017.0024

Pidgeon N, Corner A, Parkhill K, Spence A, Butler C, Poortinga W (2012) Exploring early public
responses to geoengineering. Phil Trans Royal Soc A: Math, Phy Eng Sci 370(1974):4176-4196.
https://doi.org/10.1098/rsta.2012.0099

Pielke R, Ritchie J (2021) Distorting the view of our climate future: The misuse and abuse of climate
pathways and scenarios. Energy Res Soc Sci 72:101890

Pietzcker RC, Ueckerdt F, Carrara S, de Boer HS, Després J, Fujimori S, Johnson N, Kitous A, Scholz Y,
Sullivan P, Luderer G (2017) System integration of wind and solar power in integrated assessment
models: a cross-model evaluation of new approaches. Energy Econ 64:583-599. https://doi.org/10.
1016/j.eneco0.2016.11.018

@ Springer


https://doi.org/10.1007/978-3-030-72372-9_2
https://doi.org/10.1007/s10584-020-02732-3
https://doi.org/10.3389/fclim.2020.618644
https://cdrprimer.org/read/chapter-4
https://cdrprimer.org/read/chapter-4
https://doi.org/10.17226/25259
https://doi.org/10.17226/25259
https://doi.org/10.17226/25762
https://doi.org/10.17226/18805
https://doi.org/10.1080/14693062.2017.1400944
https://doi.org/10.1080/14693062.2017.1400944
https://doi.org/10.1162/glep_a_00575
https://doi.org/10.1098/rsbl.2017.0024
https://doi.org/10.1098/rsta.2012.0099
https://doi.org/10.1016/j.eneco.2016.11.018
https://doi.org/10.1016/j.eneco.2016.11.018

Mitig Adapt Strateg Glob Change (2022) 27:58 Page490f50 58

Preston CJ (2011) Preston, Re-thinking the unthinkable: environmental ethics and the presumptive argu-
ment against geoengineering. Environ Values 20:457-479

Reiner DM (2016) Learning through a portfolio of carbon capture and storage demonstration projects
Nat. Energy 1:15011

Richard S, Mitchell A, Evans C, Whitaker J, Thomson A, Keith A (2021) Greenhouse gas removal meth-
ods and their potential UK deployment. London, Department for Business, Energy & Industrial
Strategy

Rickels W, Proel3 A, Geden O, Burhenne J, Fridahl M (2020) The future of (negative) emissions trading in
the European Union, Kiel Working Paper, No. 2164, Kiel Institute for the World Economy (IfW), Kiel

Rueda O, Mogollén JM, Tukker A, Scherer L (2021) Negative-emissions technology portfolios to meet the
1.5°C target. Global Environmental Change 67:102238

Russell LM et al (2012) Ecosystem impacts of geoengineering: a review for developing a science plan.
Ambio 41:350-369

Sanchez DL, Nelson JH, Johnston J, Mileva A, Kammen DM (2015) Biomass enables the transition to a
carbon-negative power system across western North America. Nat Clim Chang 5:230-234. https:/
doi.org/10.1038/nclimate2488

Schmidt O, Gambhir A, Staffell I, Hawkes A, Nelson J, Few S (2017) Future cost and performance of water
electrolysis: An expert elicitation study. Int J] Hydrogen Energy 42(52):30470-30492

Shrum TR, Markowitz E, Buck H, Gregory R, van der Linden S, Attari SZ, Van Boven L (2020) Behav-
ioural frameworks to understand public perceptions of and risk response to carbon dioxide removal.
Interface Focus 10(5):20200002. https://doi.org/10.1098/rsfs.2020.0002

Sovacool BK (2016) How long will it take? Conceptualizing the Temporal Dynamics of Energy Transitions.
Energy Res Soc Sci 13:202-215

Sovacool BK (2021) Reckless or righteous? Reviewing the Sociotechnical Benefits and Risks of Climate
Change Geoengineering. Energy Strat, Rev 35:100656

Sovacool BK, Baum C, Low SJ (2022) Risk-risk governance in a low-carbon future: exploring institutional,
technological, and behavioral tradeoffs in climate geoengineering pathways. Risk Anal. https://onlin
elibrary.wiley.com/doi/full/10.1111/risa.13932

Spence E, Cox E, Pidgeon N (2021) Exploring cross-national public support for the use of enhanced weath-
ering as a land-based carbon dioxide removal strategy. Clim Change 165(1):23. https://doi.org/10.
1007/s10584-021-03050-y

Stephens JC, Keith DW (2008) Assessing geochemical carbon management. Clim Change 90:217. https://
doi.org/10.1007/s10584-008-9440-y

Stirling A (2006) Analysis, participation and power: justification and closure in participatory multi-criteria
analysis. Land Use Policy 23(1):95-107

Stirling A (2010) Keep it complex. Nature 468(7327):1029-1031

Strefler J et al (2018) Between Scylla and Charybdis: delayed mitigation narrows the passage between large-
scale CDR and high costs. Environ Res Lett 13:044015

Sweet SK, Schuldt JP, Lehmann J, Bossio DA, Woolf D (2021) Perceptions of naturalness predict US pub-
lic support for Soil Carbon Storage as a climate solution. Clim Change 166(1):22. https://doi.org/10.
1007/s10584-021-03121-0

Taylor LL, Quirk J, Thorley RM, Kharecha PA et al (2016) Enhanced weathering strategies for stabilizing
climate and averting ocean acidification. Nat Clim Chang 6:402-406. https://doi.org/10.1038/nclim
ate2882

The Royal Society (2009) Geoengineering the climate: science, governance and uncertainty. London. RS
Policy document 10/09. Issued: September 2009 RS1636

Thomas S, Dargusch P, Harrison S, Herbohn J (2010) Why are there so few afforestation and reforestation
Clean Development Mechanism projects? Land Use Policy 27:880-887

Usher W, Strachan N (2013) An expert elicitation of climate, energy and economic uncertainties. Energy
Policy 61:811-821

IPCC (2018) Global Warming of 1.5°C. An IPCC Special Report on the impacts of global warming of
1.5°C above pre-industrial levels and related global greenhouse gas emission pathways, in the context
of strengthening the global response to the threat of climate change, sustainable development, and
efforts to eradicate poverty [Masson-Delmotte, V., P. Zhai, H.-O. Portner, D. Roberts, J. Skea, P.R.
Shukla, A. Pirani, W. Moufouma-Okia, C. Péan, R. Pidcock, S. Connors, J.B.R. Matthews, Y. Chen,
X. Zhou, M.I. Gomis, E. Lonnoy, T. Maycock, M. Tignor, and T. Waterfield (eds.)]

van Vuuren DP, Hof AF, van Sluisveld MAE, Riahi K (2017) Open discussion of negative emissions is
urgently needed. Nat Energy 2:902-904

Van Vuuren DP et al (2018) Alternative pathways to the 1.5°C target reduce the need for negative emission
technologies. Nat Clim Change 8:391-397

@ Springer


https://doi.org/10.1038/nclimate2488
https://doi.org/10.1038/nclimate2488
https://doi.org/10.1098/rsfs.2020.0002
https://onlinelibrary.wiley.com/doi/full/10.1111/risa.13932
https://onlinelibrary.wiley.com/doi/full/10.1111/risa.13932
https://doi.org/10.1007/s10584-021-03050-y
https://doi.org/10.1007/s10584-021-03050-y
https://doi.org/10.1007/s10584-008-9440-y
https://doi.org/10.1007/s10584-008-9440-y
https://doi.org/10.1007/s10584-021-03121-0
https://doi.org/10.1007/s10584-021-03121-0
https://doi.org/10.1038/nclimate2882
https://doi.org/10.1038/nclimate2882

58 Page 50 of 50 Mitig Adapt Strateg Glob Change (2022) 27:58

Vaughan NE, Gough C (2016) Expert assessment concludes negative emissions scenarios may not deliver.
Environ Res Lett 11:095003

Verdolini E, Anadon LD, Lu J, Nemet GF (2015) The effects of expert selection, elicitation design,
and R&D assumptions on experts’ estimates of the future costs of photovoltaics. Energy Policy
80:233-243

Verdolini E, Anadén LD, Baker E, Bosetti V, Reis LA (2020) Future prospects for energy technologies:
Insights from expert elicitations. Review of Environmental Economics and Policy

Wenger A, Stauffacher M, Dallo I (2021) Public perception and acceptance of negative emission tech-
nologies — framing effects in Switzerland. Clim Change 167(3):53. https://doi.org/10.1007/
$10584-021-03150-9

Wibeck V et al (2015) Questioning the technological fix to climate change — lay sense-making of geoengi-
neering in Sweden. Energy Res Soc Sci 7:23-30

Wiser R, Rand J, Seel J et al (2021) Expert elicitation survey predicts 37% to 49% declines in wind energy
costs by 2050. Nat Energy 6:555-565

Wolske KS, Raimi KT, Campbell-Arvai V, Hart PS (2019) Public support for carbon dioxide removal strate-
gies: the role of tampering with nature perceptions. Clim Change 152(3):345-361. https://doi.org/10.
1007/s10584-019-02375-z

Wright MJ, Teagle DAH, Feetham PM (2014) A quantitative evaluation of the public response to climate
engineering. Nat Clim Chang 4(2):106—110. https://doi.org/10.1038/nclimate2087

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Authors and Affiliations

Benjamin K. Sovacool'?3® . Chad M. Baum’ - Sean Low’

1 Aarhus University, Aarhus, Denmark

2 Science Policy Research Unit (SPRU), University of Sussex, Jubilee Building, Room 367,

Falmer BN1 9SL, East Sussex, UK

Boston University, Boston, USA

@ Springer


https://doi.org/10.1007/s10584-021-03150-9
https://doi.org/10.1007/s10584-021-03150-9
https://doi.org/10.1007/s10584-019-02375-z
https://doi.org/10.1007/s10584-019-02375-z
https://doi.org/10.1038/nclimate2087
http://orcid.org/0000-0002-4794-9403

	Determining our climate policy future: expert opinions about negative emissions and solar radiation management pathways
	Abstract 
	1 Introduction
	2 Research design
	3 Results
	3.1 Necessity of interventions
	3.2 Desirability and comparative optimality of options
	3.3 Estimations of efficacy and economic feasibility
	3.4 Expectations of scaling and deployment
	3.5 Concerns about composite risks and barriers

	4 Discussion and conclusion
	Acknowledgements 
	References


