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Abstract

Deliberations are underway to utilize increasingly radical technological options to help
address climate change and stabilize the climatic system. Collectively, these options are
often referred to as “climate geoengineering.” Deployment of such options, however,
can create wicked tradeoffs in governance and require adaptive forms of risk manage-
ment. In this study, we utilize a large and novel set of qualitative expert interview data
to more deeply and systematically explore the types of risk-risk tradeoffs that may
emerge from the use of 20 different climate geoengineering options, 10 that focus on
carbon dioxide or greenhouse gas removal, and 10 that focus on solar radiation manage-
ment and reflecting sunlight. We specifically consider: What risks does the deployment
of these options entail? What types of tradeoffs may emerge through their deployment?
We apply a framework that clusters risk—risk tradeoffs into institutional and gover-
nance, technological and environmental, and behavioral and temporal dimensions. In
doing so, we offer a more complete inventory of risk—risk tradeoffs than those currently
available within the respective risk-assessment, energy-systems, and climate-change
literatures, and we also point the way toward future research gaps concerning policy,
deployment, and risk management.
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1 | INTRODUCTION

States, have come to argue that we must consider sociotech-
nical options as disparate and revolutionary as direct air cap-

Risk research has long focused on and provided insight into
the perceptions, impacts, and management of “dangerous cli-
mate change” (Lorenzoni et al., 2005). More recently, delib-
erations are underway to utilize increasingly radical tech-
nological options to help address climate change and sta-
bilize the climatic system. To ensure that global warming
does not exceed 2°C temperature levels, cumulative emis-
sions since 1870 must remain under an ultimate budget of
3650 GtCO, (Pachauri et al., 2014). Following current emis-
sion rates and scenarios, this global emissions budget will be
used up within the next 20 years (Bui et al., 2018). Some sci-
entists, including those within the Intergovernmental Panel
on Climate Change and National Academies in the United

ture, enhanced weathering, stratospheric aerosol injection, or
marine cloud brightening (Caldeira et al., 2013; Fuss et al.,
2018; NASEM, 2021). Collectively, these options have been
referred to as “climate geoengineering” (Caldeira et al., 2013;
Jinnah & Nicholson, 2019; Sovacool, 2021; Zelli et al., 2017),
although they are also increasingly assessed as separate suites
of carbon dioxide removal (or greenhouse gas removal) and
solar geoengineering (or solar radiation management).
Scholars of risk analysis are beginning to undertake expert-
and public-facing, future-oriented assessments of these cli-
mate geoengineering approaches, as well as developing
frameworks for doing so (Choptiany & Pelot, 2014; Cox
et al., 2021; Grieger et al., 2019; Joubin & Siegrist, 2020;
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Low & Honegger, 2020; Merk & Ponitzsch, 2017). In this
paper, we build upon these existing assessments and risk-
analytical efforts and introduce a framework for explor-
ing a frequently referenced but poorly examined dimen-
sion of this topic: how deployment of carbon-removal and
solar-geoengineering options creates wicked tradeoffs in
governance, and also requires adaptive forms of risk man-
agement. The National Academies of Sciences framed this in
terms of risk—risk tradeoffs, given that acting to address one
set of risks only exacerbates another (NASEM, 2021). While
geoengineering approaches pose risks of their own across dif-
ferent types of populations and ecosystems, they also have the
(greater) potential to significantly reduce the pending impacts
of climate change to humans—the risks of deployment there-
fore have to be weighed against the risks of counterfactuals
in which different measures are taken, or emissions or warm-
ing rise unabated (Reynolds, 2014). One study has quantified
risk-risk tradeoffs across the dimensions of economic pro-
ductivity, reliable stabilization of temperatures, damages, and
costs (Garner et al., 2016).

However, such a catalog of risks remains incomplete, and
drawn from fragmented (and sometimes opaque) sources
of data. For the most part, researchers working on carbon-
removal and solar-geoengineering options (or even in col-
lective assessment, as climate geoengineering) have treated
risk-risk tradeoffs as a truism rather than a framework for
empirical assessment (Harrison et al., 2021; Jebari et al.,
2021). In turn—and particularly in solar geoengineering—
the unnuanced use of the risk-risk framing has the potential
to downplay the risks of deploying (combinations of) these
novel sociotechnical systems in comparison to simplistic
counterfactuals of business-as-usual climate change (Low &
Honegger, 2020).

In this study, we utilize a large and novel set of quali-
tative expert interview data to more deeply and systemati-
cally explore the types of risk—risk tradeoffs that may emerge
with 10 different carbon dioxide or greenhouse gas removal
approaches, and another 10 that focus on solar radiation man-
agement. We apply a framework informed by the notion of
path dependence that clusters risk—risk tradeoffs into institu-
tional and governance, technological and environmental, and
behavioral and temporal dimensions. We therefore offer a
more complete inventory of risk—risk tradeoffs than those cur-
rently available within the risk-assessment, energy-systems,
and climate-change literatures (Honegger, 2020; Lofstedt &
Schlag, 2017; Vaino et al., 2016), and we also point the
way toward future research gaps concerning policy and risk
management.

2 | CONCEPTUAL APPROACH: PATH
DEPENDENCE AND RISK

This section sets up the study by summarizing our con-
ceptual linkages to notion of path dependence and lock-
in (Section 2.1) followed by our conceptualization of risk
(Section 2.2).

2.1 | Path dependence and lock-in

To guide our analysis, we employ the notion of path depen-
dence in low-carbon transitions, a term that refers to how
large-scale sociotechnical systems become embedded in soci-
ety. Energy systems are paradigmatic of the ways in which
massive volumes of labor, capital, and effort become “sunk”
into particular institutional configurations (Scrase & Mack-
erron, 2009). Such strong path dependencies—which can
emerge even in the early formative stages of technology
development—can exercise lasting impacts on sociotechnical
systems, producing inertia (Vadén et al., 2019). Hence, it can
become very difficult to reorient such path-dependent devel-
opment, or indeed to undo any unintended consequences after
they have emerged (Knox-Hayes, 2012).

However, while much literature emphasizes the ability for
path dependence to occur on the “supply side,” via the sunk
costs and legacies of material-transport or energy-supply sys-
tems, Kanger et al. (2019) emphasize that it can occur on the
“demand side” as well, across user, business, cultural, reg-
ulatory, and transnational dimensions, for instance. Drawing
from the example of the historical transition to automobiles
in the Netherlands and the United States, they argue that path
dependence (also referred to as embedding) in user environ-
ments extends far beyond purchase activities and can involve
the integration of new technologies into user practices and
the development of new preferences, routines, habits, and
even values. Embedding or path dependence in the business
environment can moreover shape the development of indus-
tries, business models, supply and distribution chains, and
repair facilities, while embedding in culture can encompass
the articulation of positive discourses, narratives, and visions
that enhance the cultural legitimacy and societal acceptance
of new technologies. Regulatory embedding, meanwhile, can
capture the variety of policies that shape production, mar-
kets, and use of new technologies, for example, safety regula-
tions, reliability standards, adoption subsidies, demonstration
projects, and infrastructure-investment programs. Embedding
in the transnational community can reflect a shared under-
standing in a community of global experts related to new
technologies that transcends the borders of a single place,
often taken at the country level. These diverse dimensions
of path dependence suggest that technological diffusion is
ultimately an active and contested process, full of choices,
debates, and struggles across a variety of domains and scales.
What is more, the diverse elements of path dependence can all
co-evolve to reinforce particular socioinstitutional structures
and constituencies, thereby resulting in a still greater level of
complexity (Brown et al., 2007). Seto et al. (2016) visualize
these intersecting layers of lock-in and path dependence in
Figure 1.

Crucially, these different elements of path dependence (or
embedding) can shape technology and infrastructure as well
as institutions and collective behavior (see Table 1, Kotilainen
etal., 2020). This underscores and explains the existence (and
dynamics) of mechanisms on the technological level (such
as economies of scale), institutional level (such as vested
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interests), and behavioral level (such as habituation), which
we extend in our paper to examine climate geoengineering
techniques.

2.2 | The social construction of risk

We couple our focus on the heuristics of path dependence
and lock-in with the social construction of risk. Following
convention, we envision risks as the perceived potential for
undesired and unintended consequences of events and activ-
ities (Renn et al., 1992; SRA, 2015). This encompasses four
distinct types of risk:

* Risk as the possibility of an unfortunate occurrence;

* Risk as the potential for realization of unwanted, negative
consequences of an event;

 Risk as the consequences of an activity and its associated
uncertainties;

 Risk as uncertainty itself about and severity of the con-
sequences of an activity with respect to something that
humans value.

__National institutions

Local institutions

N/

User tech

FIGURE 1 Path dependence across
institutional, technological, and behavioral
dimensions. Source: Seto et al. (2016)
Interconnections and interactions (arrows) among
and within different levels of carbon lock-in. Carbon
lock-in can occur in multiple dimensions
(institutional, technological, behavioral), at multiple
scales (local to national or individual to structural),
and with multidirectional causation between and
among the levels
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Part of the risk management conundrum is that new emerg-
ing technologies (like climate geoengineering) tend not to
eliminate risk; because they are introduced on top of or
coupled to existing sociotechnical systems, they tend to
merely redistribute risk, or at times even obscure risk. Luh-
mann (1993) cautioned almost three decades ago that high-
technology societies tend to mask the existence of social risk
redistribution for two core reasons: complexity, given that
a multiplicity of interactions and side effects makes it diffi-
cult to isolate causes; and accumulation, in most cases com-
plex technologies must be actually used before their effects
become clear, and thus risk becomes inherent in the tech-
nology itself, and risks accumulate as it is deployed. Beck
(1992) went even further to argue that since modern society is
so intimately connected to high-risk sociotechnical or indus-
trial systems, risk has become a defining feature of contempo-
rary culture. Whereas previous historical societies were dis-
tinguished by lineage (aristocracy) or wealth and goods (cap-
italism), Beck (1992) argued that our new society is based on
the production and distribution of risk, a rapid rise and dif-
fusion of myriad risk types and exposures, culminating in a
“risk society.”
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TABLE 1

Varying types and lock-in mechanisms for path dependence and climate geoengineering

Type

Primary lock-in mechanisms

Application to climate geoengineering

Institutional and governance

Technological and environmental

Behavioral and temporal

Collective action

Complexity and opacity of politics
Differentiation of power and institutions
High density of institutions
Institutional learning effects
Vested interests

Economies of scale

Economies of scope

Learning effects

Network externalities
Technological interrelatedness
Habituation

Cognitive switching costs

Increasing informational returns

Business models
Experiments and scaling
Market saturation

Emergency deployment

Economies of energy production
Land resources

Storage capabilities

Water resources

Technological capability and capacity
Social acceptance and opposition
Rebounds in consumption

Dependence

Colonialism

Source: Modified from Kotilainen et al. (2020).

Risks also have intrinsically social and political dynamics.
Douglas and Wildavsky (1984) classically argued that since
the risks facing societies are diffuse (including the risk of for-
eign attack, war, loss of influence and power, crime, internal
collapse, failure of law and order, pollution, abuse of technol-
ogy, economic failure, loss of prosperity, financial security,
etc.), choosing which of these risks is the most important is
an inseparably social, rather than technical process. Such a
process depends on values, beliefs, and identity, which can
all shape what are “acceptable risks” for particular commu-
nities in a way that differs greatly in comparison (Douglas &
Wildavsky, 1984). Within a given culture, certain dangers are
selected for attention; “each culture, each set of shared values
and supporting social institutions, is biased toward highlight-
ing certain risks and downplaying others” (Douglas & Wil-
davsky, 1984). Richard P. Hiskes (1998, p. 141) framed these
as “societal risks,” and he wrote that competing notions of
risk are not simply those of divergent interests, but rather that
confronting risk brings into question basic attitudes toward
self, other, community, and national identity. The collective
understanding of these risks produces a cultural understand-
ing, but one that is dynamic and adaptable across commu-
nities of technology. But it also creates selection pressures
in some cultures to accept some risks and downplay oth-
ers. In many modern cultures, for instance, societies accept
risks such as heart disease from food, alcohol, and drunk
driving, and emphysema from smoking, but strenuously stig-
matize those that are counter to democratic values (e.g., ter-
rorism) or that threaten a community (e.g., xenophobia over
immigration). Risk identification, risk avoidance, risk man-
agement, risk naturalization all become social and cultural
phenomena.

When these themes are considered in the context of cli-
mate geoengineering, it becomes apparent that many research

teams are not necessarily aware of recent advances in deci-
sion analysis or risk assessment and how those approaches
can inform energy and climate policy. Some technoeconomic
assessments may rely too narrowly on economic indicators
that are unable to assess complex energy systems or their
interactions; as Choptiany and Pelot (2014) write, “single-
discipline decision analysis methods cannot properly assess
complex energy projects because the projects often have
multifaceted impacts.” No single discipline, or single risk
framework, is capable of capturing all composite risks (and
their associated variables) across different spatial scales or
temporalities. This is especially true with social convictions
about the dangerousness of climate change, and the appro-
priate responses society should pursue to address it (Loren-
zoni et al., 2005). Finally, risks with new technology are
not static; they are dynamic or mutable, ever changing and
fluid, given that technological risk can entail network effects
that can destabilize organizations as well as power relations
(Wong, 2015). This demands any climate geoengineering risk
framework move away from traditional modes of risk analy-
sis that may focus on probabilities and magnitudes, to a more
expanded conception of risk that touches on what humans
perceive as threats to their well-being, how they evaluate
the magnitudes of unwanted consequences, the strength of
knowledge which can be brought to bear, and how all of these
elements are socially shaped and reconstructed (Renn et al.,
1992).

In this paper, we examine multiple dimensions of risk
through the prospective embedding or path dependence of
carbon removal and solar geoengineering techniques at mul-
tiple levels of society. As a result, the analysis is guided by an
active appreciation of the interconnected nature of risks, their
spatial and temporal dynamism, and their mutability across
societies.
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3 | RESEARCH DESIGN: DATA
COLLECTION, ANALYSIS, AND
LIMITATIONS

Our research design is grounded in the use of original data
collected through a large number of semi-structured expert
interviews.

3.1 | Data collection and sampling

To determine and examine the risks and tradeoffs that may
arise within and resulting from climate geoengineering path-
ways, our knowledge base relied on a large pool of semi-
structured interviews with prominent experts with expertise
about 20 climate geoengineering options:

» Carbon capture and utilization and storage;

* Afforestation and reforestation;

* Bioenergy with carbon capture and storage;

* Biochar;

* Soil carbon sequestration or enrichment;

* QOcean iron fertilization;

* Enhanced weathering and ocean liming or alkalinization;
* Direct air capture;

* Blue carbon and seagrass;

. Ecosystem restoration;

* Space mirrors;

* High altitude sunshades;

* Stratospheric aerosol injection;

¢ Cirrus cloud thinning;

* Marine sky or cloud brightening;

* Albedo modification via human settlements;

* Albedo modification via grasslands and crops;
* Albedo modification via deserts;

* Albedo modification via clouds;

* Ice protection.

We recognized that this explorative mapping is based on
propositional knowledge under conditions of deep uncer-
tainty, and that the “justified belief” of our experts can
be called into question (Aven, 2016; Hansson & Aven,
2014). Accordingly, our recruitment and sampling of experts
focused on a mix of advocates and critics of these different
climate geoengineering options, to ensure a diverse and often
antagonistic spread of perspectives. To ensure the credibil-
ity of our knowledge base, we invited only those who have
published high-quality peer-reviewed research papers on the
topic, or published patents and intellectual property, within
the past 10 years (from 2011—-2020). Many are foundational
thought-entrepreneurs in carbon removal and solar geoengi-
neering assessment, policy, and technological development,
and we took care to include individuals with expertise in both
in view of the historic debates on what constitutes “climate
geoengineering.”

TABLE 2  Summary of the demographics of experts who took part in
our study

Summary information No.
No. of experts 125
No. of organizations represented 104
No. of countries represented 21
No. of academic disciplines represented 34
Cumulative years spent in the geoengineering industry 881

or research community

Average years spent in the geoengineering industry or 7.8
research community

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

Civil society and nongovernmental organizations 12
Government and intergovernmental organizations 8
Private sector and industrial associations 12
Universities and research institutes 94
No. of experts from the Global South 12

Our engagement technique of semi-structured interviews
asked participants a set of standard inquiries while also allow-
ing the conversation to build and deviate to explore new
directions and areas. Such interviews are most appropriate
when the goal of research is to understand the meaning that
individuals assign to their actions, when the research objec-
tive is to comprehend complicated programs or events (and
their potential consequences) as well as how they intersect
with one’s perceptions, beliefs, and values. Such an inter-
view process also facilitates a more targeted discussion on
and around a given topic, and can provide insightful knowl-
edge related to complex events, especially since most case
studies and projects are about human affairs, and best dis-
cussed by humans. Lastly, interviews were chosen because,
unlike documents which can take months or even years to be
published, they enabled the collection of recent data which
(at the time of the interview) was not yet available in other
formats.

We conducted 125 individual interviews over the course
of May to August 2021. We explicitly asked, among other
questions, “What risks does the deployment of these options
entail” as well as “What types of tradeoffs may emerge with
their deployment?”” We left it to our respondents to self-define
“risk,” not least in order that they might better draw on their
own “strength of knowledge” as experts in the topic. When-
ever asked for clarification, we defined risk in a manner that
was consistent with the responding expert’s perceptions of
undesired and unintended consequences, in line with Society
of Risk Analysis convention (SRA, 2015).

Table 2 shows an overview of the demographics of our
sample, and Annex I lists all 125 experts who participated
(although it does not match them with respondent numbers,
to protect the anonymity of their statements). Although we
did secure interviews with members of civil society and
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nongovernmental organizations, governments, and commer-
cial entities in the private sector, the sample is still strongly
concentrated toward experts at universities and research insti-
tutes. That said, the sample does include scholars from more
than 30 disciplines as well as a dozen participants from the
Global South, here determined by either the country of origin
of the participant and/or their current location.

Given that interviewees were speaking on their own behalf,
and given the sensitivity of the topic, the data from these
interviews are presented here as anonymous with a generic
respondent number (e.g., RO10 for respondent 10, or R110
for respondent 110). First, anonymity was mutually agreed
upon at the beginning of each interview to adhere to insti-
tutional review board guidelines at the authors’ university.
Second, anonymity protects respondents from retaliation over
divulging potentially controversial information. Third, it can
encourage candor, as people often speak their minds if they no
longer have to worry about their statements coming back to
haunt them. Fourth, individuals were not speaking on behalf
of their institutions and were instead giving their personal
opinion, making institutional affiliation less relevant (though
still important for sampling purposes).

3.2 | Data analysis

In a rolling fashion, blocks of interviews were sent to a
professional transcription service as they were completed.
All returned transcripts were then checked and cleaned by
the authors before being entered in the qualitative data-
analysis program NVIVO. Making use of a three-part cod-
ing approach, every transcript was coded according to (i)
the question to which a statement belonged; (ii) the theme
or node that was mentioned; and (iii) lastly, the technol-
ogy which was referenced. Regarding the second aspect of
themes, there is a possible challenge of different coders link-
ing a particular statement to a different theme or node, or
using different language to describe a particular theme. For
this reason, collaborative discussions among the authors pre-
ceded the start of coding, to set a shared set of expecta-
tions and strive toward a common terminology, with such
discussions also repeated over the course of coding for 4
months as novel themes emerged iteratively as coding pro-
gressed. Through such discussions, for instance, the decision
was taken to consider additional overarching themes when
coding, such as “governance” and ““social acceptance.” More-
over, it became clear that respondent perceptions of “risk”
began to converge in different clusters. More specifically, the
recurring discussions were employed to purge the dataset of
any inconsistencies in how a particular statement was coded
by the authors and the existence of duplicate nodes for the
same theme—notably, this involved a step-by-step discussion
and examination of every node, how it was understood by
the various authors, and the determination of if it should be
merged with another (previously separate) node, with the new
joint node serving as the object for subsequent coding. This
process also took approximately a month.

In this fashion, the transcripts of all 125 interviews were
coded into NVIVO, with new nodes (and sub-nodes) iter-
atively created as needed—that is, where further distinc-
tion in a concept emerged from the interviews. Ultimately,
the final dataset thereby offers a structured coding of the
interview data, along with numerical information like how
many participants touched on a particular theme or tech-
nology or how often such a theme or technology was dis-
cussed in total. Responses to the question on “Risk,” for
instance, generated a total of 33 nodes such as “Chang-
ing weather, environmental, climate under uncertainty,”
“Geopolitics, security, and weaponization,” and “Mitigation
deterrence,” with several having their own sub-nodes—or
even sub-sub-nodes in the case of “Mitigation deterrence.”
Identifying the data relevant for examining a question such
as “Risk-risk governance” is thereby facilitated and struc-
tured by, broadly, looking at responses coded to the over-
arching question of risk and, specifically, by looking at the
collected responses coded under a particular node, notably,
those specified to be relevant by the overarching theoretical
framework.

3.3 | Limitations

Although we believe our large and diverse sample of expert
interviews facilitates triangulation and has methodological
merit, our research design does have some shortcomings. One
drawback to providing anonymity is that there is no guar-
antee this study can be replicated, given the difficulty for
future authors to correlate the identity of respondents with
particular interviewee statements. Furthermore, many stud-
ies using qualitative data such as ours are not fully replica-
ble, 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 might change their answers), and
the adaptability of answers (some may have changed their
views or thoughts since the time of the interview). There
are also few incentives, and many disincentives, toward con-
ducting replication studies in the energy and climate field or
the behavioral sciences at large, some of them psychological
(Lurquin & Miyake, 2017), leading some to acknowledge a
widespread “replication crisis” (Everett & Earp, 2015; Hueb-
ner et al., 2017).

Another limitation is that respondents tended to be more
openly critical about risks and tradeoffs in this context. This
is not because the authors were selective about comments but,
perhaps, because anonymity itself incentivized participants to
be more forthcoming about problems and issues instead of
strengths. Joubin and Siegrist (2020) found this to be com-
mon in studies of climate engineering given that the more
risks people perceive, the less benefits they associate and thus
come to collectively view such sociotechnical systems as hav-
ing scarce benefits but ample risks.

Finally, we took an ethnographic approach that did not cor-
rect or problematize responses, so we present the views of
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participants, even if they may have had misperceptions on
specific points. We map their social perceptions of risk or
risk construction, rather than any objectively situated notion
of risk. This still has intrinsic value given that “how people
perceive the risks and benefits of a technology is relevant for
its acceptance” (Joubin & Siegrist, 2020).

4 | RESULTS: RISK-RISK TRADEOFFS
ACROSS THREE DIMENSIONS

Our results illustrate a complex and interlocking number of
risks involved with climate geoengineering. As R087 put it:

Energy system transition is like a game of poker.
We won’t know which technology will work, we
don’t have good predictive skill for technolo-
gies like solar that are already a decade ahead.
Think back: for technologies in the 1950s, how
much predictive skill did we really have for
2050? Imagine how actors then would have dis-
tributed their bets. It’s a monumental challenge.

RO09 agreed and admitted that:

There are huge investment risks with deploying
climate engineering: where to put the money,
where to put the finance, where to create mar-
kets. There are risks everywhere. It comes down
to how you talk about technology transitions,
deal with futures, anticipate problems and inte-
grate them into policy development.

R0O45 also spoke about how climate-engineering deploy-
ment was prone to “a spectrum of risks” that are “big and
complex and difficult to grapple with.”

It is with this appreciation for a broader consideration of
risks that we discuss institutional and governance tradeoffs,
technology and infrastructural tradeoffs, and behavioral and
temporal tradeoffs in this section. As Figure 2 depicts, these
options both interconnect within various dimensions of path
dependence (some institutional or technical tradeoffs spill
over into other institutional or technical tradeoffs) but also
across the dimensions (institutional tradeoffs can affect tech-
nological and behavioral ones, and vice versa). We explore
each of these specific tradeoffs in more detail in this section.

4.1 | Institutional and governance tradeoffs
Tradeoffs in this dimension involve institutions and gover-
nance (broadly conceived), and center on business potential,
scaling, misuse, and safety.

4.1.1 | Affordability versus business potential
The more affordable climate geoengineering technologies
become, the more they are likely to be used, but at the same
time, the cheaper they are, the less value there is for firms
to capture, or motivation for incumbent firms to enter the
market.

On the one hand, options need to be affordable and cost-
effective to be taken up by climate. As R0O0OS put it:

Direct air capture or bioenergy with car-
bon capture and storage will be attractive to
investors and planners only if they make new
green fuel at an affordable cost. Otherwise,
it would be more economic just to use the
zero-carbon renewable power, or the hydrogen,
directly.

R118 added that some particular “low-cost” and “no-
regret” options include better afforestation, land use man-
agement, or ecosystem restoration to sink carbon dioxide. As
they noted:

Our estimates of costs are that it is tremendously
affordable to do these kinds of interventions. You
are talking about $1 per person per year.... Even
a farmer in Bangladesh is not going to blink if
you say to him, “You can protect your land from
flooding at that kind of a price range.”

However, the more affordable such options become, the
less money there could be for incumbents to enter the mar-
ket or for businesses to make viable profits compared to other
areas of the economy they could invest in. Moreover, the more
costly climate geoengineering options are, the more learning
that can be justified and R&D claimed as needed. Hence other
respondents spoke about how expensive and unaffordable
many options currently are, with RO03 noting that “it costs
$430 million alone to save the Great Barrier Reef in Aus-
tralia with a small amount of marine cloud brightening; the
amounts of funding needed for such options can be stagger-
ing.” RO47 agreed and believed that “high-quality negative-
emissions technologies will need massive investments, prob-
ably as high as $1000 per ton given that they are fighting the
second law of thermodynamics.” RO75 estimated that even
the cheapest solar geoengineering options would cost at least
“$10 billion per year for every 0.1 change in degrees C;”
the most affordable carbon dioxide removal and direct air
capture methods would likely cost “trillions of dollars for
ever.” These statements all challenge the belief that options
are affordable and could operate competitively without strong
subsidies and monumental financial support from govern-
ments.
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4.1.2

| Testing versus scaling

Current geoengineering experiments are usually piloted and
implemented at very small scales to minimize risk—making
them safer for the environment—but this also makes it more
difficult to scale up such experiments or to predict impacts
at larger scales. Small-scale experiments would have no mea-
surable effect on the climate or atmosphere, but large exper-
iments extending up to many kilometers in altitude or over
vast areas of land would of course pose greater risks but also
increase scientific understanding considerably (Long et al.,

2015).

For instance, many advocates of geoengineering argue that
experiments must be done first at a smaller scale to minimize
risks. R056 explained that such small-scale experiments are

alsoa

clever way to hedge risk:

For climate geoengineering to work, the
research community needs small-scale testing,
coordination, innovations in multiple technolo-
gies at once. For stratospheric aerosol injec-
tion in particular, a large number of small
modifications are required to overcome prob-
lems with desired size distribution, testing, scal-
ing, optimizing, and nozzle-sizing. We need
these experiments to avoid future uncertainties
but also to help ensure we can make paral-
lel advances in multiple technologies. It is a
hedging strategy as well given that there may
be no single salient, conspicuously effective
innovation.

RO09 agreed and noted the necessity of how such experi-
ments can contribute toward “deployment innovation™:

We need innovations in experimentation, gov-
ernance and accountability, innovations in
deployment, rather than technical improvements
themselves. It’s an emergent area, many tech-
nologies are early-stage. We need small-scale,
more open and inclusive experiments, as we
need to learn not just about the technology,
but deployment, social perceptions, social feed-
backs. That’s a missed part of much of this work,
we don’t even know the social barriers yet, don’t
know how people are going to respond, it is
too lazy just to assume everyone will accept it
because its climate related, or supposed to be
good for the country.

However, such small-scale experiments give rise to other
risks such as limiting the predictive power of an experiment
or even hiding particular impacts. R027 explained that:

Small trials obscure the knock-on consequences
with actual deployment, and you’re not seques-
tering any real carbon or reflecting sunlight
at any scale that matters, making them almost
useless.

RO11 commented that:

The scale of experimentation is completely mis-
matched with the scale of deployment, which
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will be immense. To put aerosol injection into
context, humanity would need four or five
Pinatubo eruptions a year every year to control
the RCP 8.5 pathway, so five a year, 50 every
ten years and the equivalent of 500 eruptions a
century to produce the necessary tropospheric
aerosols. It could also cause massive acid rain
problems and black soot distribution. And then
you still need to invent airplanes that can get
into the stratosphere and have enough of them.

R062 concurred and stated that “planetary-level solutions
require planetary-level effort, need to innovate at bringing
technological capabilities, financial resources, and political
legitimacy together, and you can’t do that with small experi-
ments.”

4.1.3 | Diffusion versus misuse

Accelerating innovation and deployment in geoengineering
would undoubtedly improve performance and make such
options cheaper, but the cheaper they become, the more prob-
lems of control arise because geoengineering options become
more accessible to nonstate actors including rogue nations or
even terrorist groups.

For example, RO81 expressed concern that if options get
affordable enough, “a capitalistic dictator like Bill Gates or
Elon Musk could decide to deploy at a moment’s notice,
dictating for all of humanity a pathway for climate protec-
tion.” R040 also identified blackmail as a real possibility with
negative-emissions options, as malign actors could “threaten
to release all of the carbon from their reservoirs” unless their
“demands were met.” RO47T agreed and stated that: “It’s a
nightmare, and it’s a totally understandable nightmare ...
where this kind of research leads you either to semi-rogue
action from hostile states or private-sector rich dudes with
money that launch a program from their couch in Vanuatu.”
R109 surmised that “the special sauce of the private sector
is to be ruthless and quick and that’s not a good prescription
for things that have, potentially, such large consequences.”

A corollary of this argument is that centralized control and
political systems could result from quick deployment, but this
would make diffusion less democratic and more difficult to
reverse. RO75 noted an explicit tradeoff between less demo-
cratic actors deploying easier and more quickly, but also then
being prone to misuse and social resistance. As they said:

Coordinating geoengineering globally has all of
the same problems as climate-change mitiga-
tion. Coordination is slow. It’s expensive. It has
real problems relative to — and this is the “sci-
entist’s savior complex” here — the notion that
all you need is a dozen people in a room figur-
ing out how to save the world, as opposed to,
basically, saying, “Hey, let’s get all seven bil-
lion of us together, or 197 heads of state and the

parliaments and so on, to get the right things in
place, to move toward the right direction.” But
deployment could literally be one scientist and
one government just solving climate change for
the rest of us, imperfectly, of course, and doing it
quickly — versus doing the broad-based, bottom-
up, if we get lots of people together to do the
right thing sort of action.

4.1.4 | Urgency versus safety
As a final institutional tradeoff, the urgency and immediacy of
addressing climate change could generate a powerful incen-
tive to deploy geoengineering options as soon as possible—
but this also means there will be fewer tests, possibly less
stringent safety protocols, and greater uncertainty about their
impacts. In this way, urgency lies in direct tension to safety.
On the one hand, there is a strong sense of urgency
and emergency behind fast deployment, especially to offset
potential tipping points in the climatic system or to shave
emissions in the near term. As RO17 put it:

Immediate deployment is often spoken about as
a way to achieve peak shaving: it’s more tem-
porarily shaving global warming above some
threshold. In the prospect of the larger scale,
CDR can bring down this overshoot warming,
but that comes only later. It’s possible, also it’s
very beneficial, but at the same time, it comes
with the risk that, if you bet on the SRM just
working as a temporary solution, for buying
time, you also need to be open to losing opportu-
nities and using SRM for quite a significant time,
maybe indefinitely.

The “peak-shaving” potential of both carbon dioxide
removal solar geoengineering has been documented in the lit-
erature as well, with studies noting that earlier and less inten-
sive use could “shave the peak off projected near-term head-
ing,” helping buy time for mitigation to be ramped up and
reducing the cost of a global transition to low-carbon energy
(Parson, 2014). RO71 added that “this is why solar geoengi-
neering and carbon capture and storage are so nicely used
together, because one offers fast temperature reduction and
the other fast storage and removal of carbon, these are the
best shots we have in terms of emergency break-glass and
deploy soon options.”

On the other hand, deploying quickly and urgently could
worsen risks related to unforeseen impacts, cost overruns, and
more severe impacts to the environment. As R081 articulated:

The international community simply lacks the
proper governance regimes or protections to do
climate engineering quickly but safely. Scale is
more a curse than a blessing in this context,
because what you gain in economies of scale,
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the traditional advantage after the World War Il
period, has now reversed exactly into the oppo-
site. Deploying urgently at scale means lumpi-
ness, high complexity, persistent cost overruns.
It means very structured ways of building tech-
nologies and operating technologies, at odds to
value systems of pluralistic, cooperative society
with feedbacks, pluralistic and diverse decision-
making process, granular technologies that you
can more easily control.

According to this logic, deployment done quickly could
result in humanity having to coexist with large monolithic
technologies, with no endogenous capabilities, that future
generations will have to cope with. Moreover, the peak-
shaving strategy is not risk free, as prolonged peak-shaving
could place the world in a “double debt” of emissions
as well as temperature (see Figure 3, Asayama & Hulme,
2019).

4.2 | Technological and environmental
tradeoffs

Tradeoffs in this dimension involve technologies and infras-
tructures and their risks to energy and land requirements, stor-
age potential, water use, and the weaponization of options.

4.2.1 | Energy and land requirements for
bioenergy versus direct air capture

Both bioenergy with carbon capture and storage (BECCS)
and direct air capture (DAC) hold great promise for climate
protection, but the insufficient availability of land and con-
straints on energy use may force hard choices between them.
ROO05 spoke about these tensions explicitly:

BECCS and DAC both need vast carbon stores
which we don’t have yet. BECCS will need vast
areas of biomass plantation. BECCs will need
energy to run. There may be innovative solutions
to these problems, though I can’t personally see
what can be done. The more you use BECCS,
you reduce the energy and land available for
DAC; and the more you use DAC, you do the
same for BECCS.

R103 confirmed that:

Bioenergy provides energy, but BECCS doesn’t.
Either BECCS is an energy penalty on bioen-
ergy, as CCS is an energy penalty on fossil
energy, or we are talking about the annexation
of new land resources to extend the energy sys-
tem so as to accommodate a less productive and
less energy-efficient means of producing energy
from bioenergy. So, the sort of system configu-
rations in which you can imagine the addition
of BECCS leads to more availability of energy,
but that has a definite side-effect on the land
use ... and then BECCS could compete with the
land available for DAC. We could need three
times the land area of India to feed a BECCS
system. The numbers for DAC add up to some-
thing like nine times the primary energy use of
India. Where are we going to get all of the land
or energy for either, yet alone both?

RO58 noted that “BECCS processes would need large
sources of energy ... DAC processes are huge energy con-
sumers too, making it difficult to scale up both.” R093
also elaborated that: “If you move to BECCS and DAC, it’s
clear they will both need a huge amount of energy or land,
making them both controversial because of land use and
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biosphere integrity.” Respondents also spoke about how
BECCS and DAC could compete for carbon storage capac-
ity as well; RO66 suggested that oil and gas reserves can store
1000 GT of carbon dioxide in total, and this limit could cre-
ate real carbon dioxide storage constraints for CCS, BECCS,
and DAC.

A final dimension to this tradeoff is that both BECCS
and DAC can exacerbate air pollution close to where they
are used—achieving climate protection but at the cost of
degraded health. RO18 said that:

The current evidence is that BECCS has quite
high air-pollution impacts. That’s something
that people don’t often talk about, but combust-
ing biomass is generally quite a dirty fuel with
generally quite high PM2.5 and PMI10 emis-
sions. Historically, it’s vulnerable communi-
ties, lower socio-economic classes, often black,
Asian, and minority ethnic communities, who
are placed near big fossil-fuel plants. If you look
at the correlation between deprivation and air
pollution, often there’s a very strong overlap.

R029 noted that similar concerns arise for DAC:

With DAC, if you are putting in these mas-
sive installations to capture carbon, having big
building construction going on, there is lots of
potential for diesel fumes from trucks and stuff
like that going in to build it. DAC facilities
are not capturing everything. So I would worry
about a community thinking, “This is going to
clean up my air,” when it is actually not. It is
not doing the pieces of it. It is not getting the
particular matter or whatever, that is affecting
their kids’ asthma.

R032 added that BECCS and DAC could both generate
unwanted and unintended effects on air pollution and local
biodiversity.

4.2.2 | Carbon-storage potential versus
ecosystem stability

This tradeoff concerns the ability for forests or ecosystems
to storage carbon effectively (and over very long periods of
time), contrasted with those ecosystems functioning healthily
or normally. As RO09 explained:

There are trade-offs in your forestation. Are you
going for the most carbon efficient? Is your
monoculture rapid and able to be scaled up via
plantation planting? Or is it a lower density,
slower-growing option which potentially con-
sumes more land but is the most valuable for
biodiversity? And then any nature-based solu-

tions are vulnerable to the future impacts of cli-
mate change.

R0O02 also spoke about how afforestation and ecosystem
options “need far more land and irrigation if you do it nat-
urally without fertilizers, making it better for local ecosys-
tems, but if you want to double or triple yields, you have to
introduce nitrogen fertilizers, which are bad for the environ-
ment.” RO10 added that another concern is whether you rely
on fast-growing, genetically modified, perennial grasses that
can be designed to consume less water or match a particu-
lar ecosystem—replacing natural crops with human designed
ones—or instead use slower growing, naturally selected crops
that do not need gene editing.

A final concern relates to the ability for land-based
and ocean-based carbon dioxide removal options to
rob nutrients from local ecosystems. R060 spoke about
how:

Although there are some environmental co-
benefits to carbon dioxide removal like stimu-
lating fisheries and so on, in the surface waters
there are other issues such as “nutrient rob-
bing”: removing nutrients that would otherwise
be utilized at some other point in the ocean when
those water masses move somewhere else. So,
you could actually damage fisheries.

Similarly, RO60 commented about how:

Things like macro-agriculture, if you have very
large-scale cultures of trees or crops, you're
going to be taking nutrients out that were there
... Any biomass-type technique that would need
a massive amount of nutrients has potential, at
least, to cause an issue with nutrient robbing.

4.2.3 | Enhanced weathering versus water
availability and quality

This technological tradeoff relates to the deployment of
enhanced weathering and the resulting stress it would have
on water availability and quality. According to R002:

Enhanced weathering is going to shift large
amounts of mass from mines and the land to
water. It will likely rival mining operations and
land moving around the world, could become
connected to mine tailings, with similar impacts
to mining and agriculture on water systems.

R041 noted that:

Rock weathering and marine alkalinization
would, at the scale which the IPCC has dis-
cussed, result in a doubling of global mining
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activities. Have you ever thought about the land
use with that? Already, now, about 80% of bio-
diversity loss is caused by mining or process-
ing of mining goods. What is the water demand?
What is the land demand? What is the energy
demand for all that? If you want to do that, not
on land because land is limited, then you have
to grind the material, mill it into small particles,
which is also extremely energy-consuming, and
transport it either by pipeline or by ship into the
ocean. Which means a large-scale changing of
the acidity of ocean water, which would kill the
locally existing ecosystems. This is completely
out of control because the substances would
be transported by marine transport, which can
change any time with a big storm or anything
like that, so there is a lot of unpredictability
in the impacts. And you have high energy con-
sumption, probably a bad carbon balance in that
with the current energy sources, you have unpre-
dictable income from the marine sector, and you
have significant biodiversity and water impacts
in terrestrial ecosystems ... When you have ever
been to an area where they have a mining indus-
try for granite or anything like that, you have
experienced the enormous amounts of water that
they need to keep the dust down, and still the
enormous amounts of dust which are SPMI10
[suspended particulate matter] particles, which
affect air quality and human health. So water is
a big problem for weathering.

R0O22 concurred and noted that: “This is why I say it
really depends on the management practices.... You can just
pump something into the ocean water and destroy some-
thing locally.” Enhanced weathering therefore could store
substantial amounts of carbon but only by overstressing water
resources.

4.2.4 | Capacity building versus weaponization
A final technological tradeoff relates to capacity. For some
options such as sunshades or aerosols or even carbon-dioxide
options, the more you distribute capacity and infrastructure,
the more it might lead to weaponization risks or security
threats. RO70 stated that:

Options that depend upon the expansion of an
aerospace or space industry are a security risk,
as you are bringing high-tech space industries
into countries that don’t normally have them.
Players gain new capabilities that they didn’t
have before, and these could spill-over into an
arms race or new technology in the hands of new
actors could become military or hostile, that
could be a possibility. If a rogue nation devel-

ops launch systems, that opens a door to their
launching new satellites or defense systems or
even missiles, creating tensions.

RO10 also spoke about how, while solar-geoengineering
techniques might not be realistic weapons in their own
right, they could become “coupled to weapons, by enhanc-
ing military capability, especially how much it would improve
high-technology skills, skills that would be very useful for
crossover impacts on military design.”

Meanwhile, carbon-removal infrastructures could come
under direct attack. RO81 notes that the coupling of digital-
ization with carbon dioxide-storage facilities could be prone
to “hacking,” and that “I think the attack will not be phys-
ical.... I think the attack will be mostly on software so the
systems might be hacked, and you might blackmail whatever,
a company or government and say if you are not paying me,
whatever, ten billion Bitcoins, I'm going to release ten giga-
tons of carbon in an instantaneous impulse from your reser-
voir.” Carbon-removal infrastructure could also be the subject
of unintended or collateral damage in conflict. R055 argues
that “power plants and pipelines get attacked or destroyed all
the time; I don’t see why geoengineering infrastructure would
be any different.” R100 concurs that “carbon-storage reser-
voirs would also invariably exist in some conflict zones; all of
this would create a security risk.”

4.3 | Behavioral and temporal tradeoffs
Tradeoffs in this dimension involve social behavior or issues
of temporality and include social backlash, rebounds in
fossil-fuel consumption, the risk of termination shock and
even perceptions of colonialist domination.

4.3.1 | Efficacy versus social backlash

More effective climate geoengineering options would indeed
be more efficacious at storing carbon or reducing global tem-
peratures, but the more they are used, at least at the outset, the
more people could take note and become frightened of them
and begin to resist them. RO11 even cleverly referred to this
as the “sticky slope” problem of deployment:

Some options like stratospheric aerosol injec-
tion are downright scary and would require
some frightening technologies to become a real-
ity, things like the U.S. Navy using 16-inch
guns to fire particles into the stratosphere or
using drones to spray sulfur into clouds. The
SCOPEX people couldn’t even fly a single bal-
loon in Sweden, this shows you how difficult it
may be, it may be socially impossible to do this.
Many opponents worry about a slippery slope
to deployment. I think it will be the opposite:
a sticky slope. The more we do some of these
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options, the harder it is socially and politically,
preliminary deployment oddly reduces the prob-
ability of actually doing it.

R0OO3 also spoke about how for some options such as
ocean iron fertilization, the more effective they are, the more
socially controversial they become. Iron flakes that disappear
in 2 weeks are mildly controversial but have a small effect
on the climate. Buoyant flakes designed to stay in the ocean
for up to a year have the potential to provide magnitudes
of order longer climate protection, but would likely be even
more strongly opposed. R020 spoke about another type of
backlash that could occur due to the uneven and asymmetri-
cal nature of climate protection offered:

The higher temperature reduction you go for, the
more unlikely you are to have uneven impacts,
especially among the poles or in particular
regions. So the more you solve the climate prob-
lem with engineering, the more uneven and
unjust the technology pathways become, and the
more opposed or unacceptable they likely will

be.

RO75 even quipped that, to some social actors, the further
invention or refinement of climate geoengineering options
have the same popularity as “designing smallpox”; they are
perceived, rightly or wrongly, as so high risk that they could
“backfire and kill everything and everyone on earth.”

432 |
rebounds

Deployability versus fossil-fuel

While Section 4.3.1 is about the agency of actors and
their potential to backlash socially against some deployment
options, another risk concern is more structural, and it relates
to the near-term embedding of fossil fuels within the broader
economy or macrosocial systems. For instance, the more both
carbon-dioxide removal or solar-geoengineering options are
successfully deployed, the more they can be perceived as
reducing the impacts of climate change, and thus the more
some social actors may respond by increasing the use of fos-
sil fuels or arguing that there are legitimate needs for further
growth in fossil-fuel consumption. RO16 spoke about how:

To me the real risks with geoengineering are not
if it doesn’t work, but if it does work, it starts
to work really well. Then, there will be pres-
sure to keep coal plants operating, to keep mines
going, to keep fossil-fuel markets alive. It could
also keep coal or gas or mines running, and thus
can keep the jobs going, the skills, and avoid the
need for all of these “Just Transition” compen-
sation packages, as those communities all stay
employed and supported.

RO85 agreed and noted that “the deployment of climate
geoengineering enables the continuation of profitable oil and
gas enterprises longer than it might be otherwise possible.”
RO31 also framed such options only as “temporary counter-
measures,” sort of like “an Air Bag in a car.” It can stop a
single accident but will not reduce climate emissions or result
in more sustainable behavior. As they went onto say:

The biggest risk is that by putting effort into
climate geoengineering, there is the possibil-
ity that politicians think we can continue with
our emissions. So it could lock-in unsustainable
behaviour, and not reduce climate emissions.

RO09 also spoke about their worry that deployment would
merely be “a delaying tactic that doesn’t solve anything, nor
does it address the root causes of climate change or ocean
acidification, which is possibly our greatest risk.”

In the extreme, deployment could even result in more dan-
gerous (high-emitting) carbon behavior. RO71 surmised that:

People drive more dangerously with seat belts
or eat more cheese when they have choles-
terol medicine. There is a risk these climate
options can lead to more dangerous, unsustain-
able behavior, and even greater levels of emis-
sions.

R099 expressed concern that deployment “could lead to a
seriously dangerous delay of decarbonation.” RO81 remarked
that:

The most serious risk is that climate geoengi-
neering delays or jeopardizes the transition to
low-carbon energy. It kills all of the promis-
ing options we have in our hands, particularly
social dimensions ... these are now crowded out,
with government attention, financial resources,
and human resources taken away with the illu-
sion that there is an easy fix, and we can con-
tinue for the next 100 years without having to
change anything else.

To experts of this perspective, climate geoengineering is
“the epitome of stupidity, repeating the same mistake again
and again and expecting a different outcome” (R81).

4.3.3 | Effectiveness versus dependence and
termination shock

This tradeoff underscores the temporal tensions of deploy-
ment, and it involves that any effective deployment would
create a risk of dependence in perpetuity, and an ensuring
termination shock if humanity was ever unable to maintain
the operation of that particular technological system (through
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accident, malice, or even social pressure to turn it off). R003
explained that:

Climate geoengineering has some huge down-
sides. Once started, it needs to go on forever
because, whenever you stop it you end up with
a really savage increase in temperature which

4.3.4 | Rapidity versus colonialist domination

Urgent deployment not only creates tradeoffs with safety (see
Section 4.1); it can also create issues with fears of colonial-
ism and technological domination between countries. R004
framed this in terms of climate geoengineering only propa-
gating a new form of climate colonialism:

can undo all the good work which you've done
cooling beforehand. That’s really bad.

R0O04 added that “maybe some climate engineering is an
answer, but if you shock a system by stopping it suddenly,
the risk of ecosystem wipeout is huge.” R020 spoke about not
only the technical challenge of operating such a system, but
the social and political challenge:

Whatever option you decide to deploy, you need
to put a response system in place that will last
for a few decades, maybe one or two gener-
ations, minimum, and that’s a long time. And
in that period, it has to continue. It cannot
stop. It doesn’t matter what the world economic,
political, cultural outlook looks like. You still
have to maintain this package and that itself is
challenging.

R022 added that “you can’t easily turn the system off if
people want to keep it on. So, that’s a very real form of lock-
in once it’s up and running, because of termination shock.”
R084 framed this in temporal terms, noting that:

There’s also the termination problem which,
essentially, puts a load on future generations
and increases their risk. So it’s a transfer of risk
from current generations to future generations.

R101 lastly stated that both carbon-dioxide removal and
solar-engineering options have the same risk of termination
shock, given that:

If you think about SRM you are immediately
buying carbon-dioxide-removal problems in as
well, in a very fundamental way. Because if you
speak about SRM, if you ever wanted to stop it,
you would need to remove all the carbon you
have emitted to actually be able to phase it out.
So the question of SRM being able to resolve
some short-term climate problems, or some-
thing, is insufficient if you do not have an exit
strategy, because we do know the biggest risk
is, basically, catastrophic climate change as a

I think the challenge is, how do you predi-
cate investment in transition and infrastructure
and change without doing more harm? We saw
that with REDD+. Despite the fact it was a
great idea, it screwed up majorly. Climate engi-
neering could do the same thing, fast deploy-
ment could become just colonialism writ large
in some places.

R084 added that:

There is potential for some of these techniques —
and I’m thinking particularly here, of CDR tech-
niques — to operate in parts of the world which
are generally less economically developed. So
there is potential for use of large land areas,
sparsely populated, which often correlates with
a low development index. So there could be ben-
efits there that pass, economically. But there’s
also risk of the resource curse, where money
flows to the elites in those societies, or corrup-
tion where benefits aren’t actually what they’re
thought to be, because of poor governance. Then
there’s also a kind of almost colonialism, where
more developed economies basically say, “Well,
we don’t want to do the hard work ourselves, so
we’ll shift it onto other people,” who are less
economically advanced.

R064 also worried that:

The most basic risk is what you might think of as
a climate colonialist approach to solar geoengi-
neering, where a small set of powerful actors
decide that we’re going to do this, maybe for
our own benefit. Maybe they even say, “It’s for
the benefit of developing countries,” but it’s still
their decision, right? So, the physical impact is
separate from this question of legitimacy and
domination, where a small set of actors just
shouldn’t be making these sorts of global deci-
sions on their own.

result of stopping it ... This means that all future
generations are stuck between a rock and a hard
place. If you discuss feasibility of large-scale
CDR, you would start deploying SRM before we
know if large-scale CDR comes about.

This latter form of colonialism would even be perceived
by those doing it as benevolent, on behalf of countries in the
Global South who do not have the capacity or resources to do
so—a tradeoff that could also accelerate the weaponization
risks discussed in Section 4.2.
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R103 emphasized that some patterns of colonialism and
dependence need not be intentional. As they noted:

Generically, it would be those who were already
most vulnerable who would still be the most vul-
nerable to some uneven impact of climate engi-
neering, whether that be the change in rain-
fall patterns, or a change in rainfall seasonal-
ity, or whatever. If you're a subsistence econ-
omy, and they’re subsistence populations, those
things matter. There would still be a distribution
of effects, and an unknowable one. It may be that
we deliver climate protection which is not opti-
mum for them but optimum across the planet as
a whole.

R119 added that:

It’s pretty unlikely that the real, fundamental
reason that climate engineering occurs or is
being paid for is to benefit those who are already
suffering and are going to suffer more under cli-
mate change. It’s more to preserve the way of life
of those who live in wealthy regions and to make
sure that we don’t suffer as much from climate
change as would be the case.

Essentially, this comment suggests that the outcome of
sacrificing parts of the Global South might be inevitable, if
indeed more powerful actors could be able to prove that it
resulted in greater climate protection.

S | CONCLUSIONS

We offer four conclusions for policy, deployment, and future
research concerning risk management as well as climate
geoengineering. First, and as underscored by Figure 4, cli-
mate geoengineering options most certainly require adaptive
risk management, as risks and tradeoffs intersect within and
across our three dimensions of institutions and governance,
technology and the environment, and behavior and temporal-
ity. The path dependence these new technologies can exert
is thus uncertain and an active and contested process. More-
over, the way that risks cut across categories is deserving
of particular attention, for how this helps to identify areas
of “high” risk connection. For example, the more afford-
able options become (Section 4.1), the more often that other
risks relating to testing and scaling, diffusion and misuse,
land use, weaponization, fossil-fuel rebounds, or colonialist
deployment occur (Sections 4.2 and 4.3), because it is easier
for institutions to afford them and easier for firms or coun-
tries to adopt them. The more some technologies are poten-
tially misused, the more other risks relating to weaponization
(Section 4.2) or the potential for social backlash and stigma-
tization (Section 4.3) could occur. The more actors focus
on urgency and rapid deployment, the more risks related to

experimentation, scaling, and weaponization could also occur
(as technologies could diffuse widely outside of established
norms or governance protocols). The technological and envi-
ronmental risks for BECCS, DAC, enhanced weathering, and
even afforestation and ecosystem restoration mentioned in
Section 4.2 could thus exacerbate not only interlinkages in
terms of environmental degradation (energy use and air pol-
lution, land use, water pollution, nutrient robbing) but also
negatively inflame perceptions of social backlash or colonial-
ist domination (Section 4.3), which could in turn have envi-
ronmental triggers. Conversely, social stigma and perceptions
of backlash or colonialist domination could make deployment
more expensive and slower or more difficult to proceed with
experiments (affecting aspects in Section 4.1) or more prone
to capacity-building that could elevate risks of weaponization
(affecting Section 4.2). Finally, both fossil-fuel rebounds and
termination shocks (Section 4.3) could worsen many of the
drivers behind environmental destruction and technological
disruption (Section 4.2). Thus, Figure 4 negatively suggests
that addressing some bundles of risk will only spillover and
generate risks in other areas; all options interconnect with at
least some other risks, creating a nested hierarchy of trade-
offs, a veritable basket of risk versus risk potential.

Positively, however, there is the potential for mitigating
risks in some dimensions to help alleviate risks in others,
that is, if more progressive and adaptive risk management
is undertaken. For example, mitigating some of the environ-
mental risks connected to land, energy, ecosystem stability,
or water availability and quality (Section 4.2) would also
help mitigate perceptions of social backlash (Section 4.3) or
address issues of scaling and safety (Section 4.1). Similarly,
undertaking slow, sound, inclusive, bottom-up governance
approaches (Section 4.1) would have positive spillovers
into improved technological and environmental design (Sec-
tion 4.2) along with minimizing any potential behavioral and
temporal tradeoffs (Section 4.3). In other words, the inter-
connectivity of risks can be both a strength or a weakness,
depending on how one approaches such issues and the level
of thought and preparation one commits to doing so.

Second, given the scale and scope of risk-risk tradeoffs,
one cannot just “add up” the mitigation or carbon storage
potential for the various options examined here, as they
invariably compete for land, energy, water, capacity, policy
attention, experimental governance, and other resources—
and, what is more, introduce risks that can ultimately under-
mine institutional stability, technological performance, and
social behavior. This is confirmed in some of the literature
which is critical of negative-emissions pathways, which high-
lights in particular that the deployment potential of individ-
ual options cannot be additively combined and that scenar-
ios deploying portfolios of multiple options tend to show
decreasing rates of diffusion the more options are added
together (Fuss et al., 2018). In simpler terms, options have
more diminishing returns when utilized as part of a portfolio.

Third, although our contribution to the risk literature is
primarily and critically empirical, our evidence does sup-
port the complex adaptive conceptualization of risk described
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FIGURE 4

Visualizing risk-risk tradeoffs and high areas of connection in climate geoengineering pathways. Source: Authors. Note: Lines are meant to

illustrate a substantive connection between two different dimensions of risk discussed in Section 4, drawn from our expert interviews (N = 125) along with the
authors’ collective judgment. “Risk” refers to any unintended or unanticipated consequence or outcome (see Section 2.2 for more details)

in Section 2.2. Notably, climate geoengineering approaches
threaten to compound four differentiated types of risk. It
can result in the frequent occurrence of unfortunate conse-
quences such as an accident during testing, improper assess-
ments of safety due to the sense of urgency imparted by cli-
mate change, intentional misuse (e.g., terrorism), or acute ter-
mination shocks. These types of risks can be classified as
fairly uncertain (of lower probability), but with a greater mag-
nitude of impacts if they did occur (i.e., catastrophic rather
than systemic). Conversely, climate geoengineering can also
result in unwanted negative consequences that are fairly cer-
tain (of higher probability) but more chronic or systemic in
their impacts. These include very likely negative impacts on
land or water, or rebounds in fossil fuel consumption. Other
types of risk are more cumulative—they operate more like
the flipping of a switch or the crossing of a threshold, rather
than a catastrophic event or chronic risks that recur but stay
roughly at the same magnitude. Examples here would be the
accumulated risks of a social backlash, of entrenching colo-
nialism, or building capacity up to a point where weaponiza-
tion becomes widespread. Finally, almost all of the risk-risk
tradeoffs identified across all of our tradeoffs (institutional,
technical, behavioral) involve differing conceptions of (or the
contestation between) things that humans value: affordability
versus safety, protecting land versus protecting water, pro-
tecting the climate versus protecting marginalized commu-
nities. Risks abound within and across climate geoengineer-
ing pathways and fundamentally relate to the probability and
magnitude of possible consequences, the strength of knowl-

edge which can be brought to bear as well as the potential to
accumulate and conceptions of values which are hold.

Fourth and lastly, our study seriously challenges those
arguments in favor of a “portfolio approach” (Reiner, 2016)
or “cocktail approach” (Cao et al., 2017) whereby as
many potential negative-emissions and solar-geoengineering
options as possible are bundled together at once. In the
context of climate-engineering technologies, a portfolio
approach, if done poorly, risks endorsing a bundle of tech-
nologies randomly jumbled together rather than any coherent
vision. If each specific option involves different dimensions
of risk and incompatibilities, supporting some or address-
ing one set of risk threatens to erode another or unleash a
new set of risk. Risks are never wholly eliminated, man-
aged, or reduced, only shifted across time or redistributed
across different actors. As a consequence, energy and climate
research needs to urgently consider how to effectively man-
age or reduce risk-risk tradeoffs. Although our study offers
insight into a broader collection of risks, complexities, and
tradeoffs, it is only the first step toward more rigorously iden-
tifying technologies that could effectively complement, rather
than contradict, each other in a low-carbon future. There are
no inherently safe or risk-free climate geoengineering path-
ways; there are only gradations of exposure to different types
of danger and risk.
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