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ABSTRACT

Growing concerns about climate change impacts on humans and eco-systems motivates exploring new strategies to complement traditional climate policies like
mitigation and adaptation. Climate engineering via solar radiation management is one discussed option. However, climate engineering entails new risks, including its
governance. Without sufficiently strong institutions, there is a risk that some countries will unilaterally deploy climate engineering to the detriment of other nations.
This paper provides an evaluation of the risks of excess climate engineering due to lack of international cooperation. Using both an analytical and numerical model,
we show how lack of cooperation leads to overprovision of climate engineering above what would be socially optimal. The regions with the highest climate change
impacts deploy climate engineering at the expenses of the others. Yet, these poor countries still host the majority of the residual climate change impacts. These results

suggest the importance of embedding climate engineering in the international climate policy debate.

1. Introduction

The slow progress in climate change policies aimed at reducing
greenhouse gas emissions is in stark contrast with the estimated impacts
of a warmer world. On the one hand, international climate policy has
produced little in terms of emission reductions. The Paris climate
agreement has been rightly considered an important step forward, due
its wide coverage. But the treaty falls short of delivering the emissions
cuts needed to stabilize global climate at low temperatures (UNEP,
2010; Rogelj et al., 2015; Aldy et al., 2016). Most importantly, its
bottom up architecture is based on voluntary, nationally determined
contributions which are inefficient and remain hostage of the political
variability, making the agreement particularly fragile. This is in stark
contrast with the increased long term ambition in terms of limiting
global mean temperature increase, which has been set by the agreement
to well below 2 °C, and in the direction of 1.5 °C. Among other things,
one of the reason for the tight target is the increased recognition of the
high impacts of climate change on economic and ecological systems.
Recent estimates suggest significantly higher impacts (Burke et al.,
2015), and emphasize non linear damages and tipping points (Lenton
et al., 2008).

The discrepancy between what should be done and what is actually
observed should not come as a particular surprise. Economists and
political scientists has since long warned about the difficulty of estab-
lishing a climate agreement which is both effective and stable (Carraro
and Siniscalco, 1993; Barrett, 1994). The main issue is the very essence
of global warming, namely that it is a global externality and that we
lack the institutions able to govern it. This gap in action has fueled the
discussion about alternative strategies able to cope with the impacts
from climate change. Among these, climate engineering refers to the
deliberate and large-scale intervention in the Earth's climatic system
with the aim of reducing global warming. One prominent climate en-
gineering option, Solar Radiation Management (SRM), which counter-
acts the temperature increase by managing incoming solar radiation
though means such as sulfur injection in the stratosphere, has become
increasingly debated in recent years, see Bickel and Agrawal (2011),
Gramstad and Tjgtta (2010), Goes et al. (2011), Moreno-Cruz and Keith
(2013), and Heutel et al. (2016). Economists have carried out cost
benefit assessments of climate engineering, with mixed results (see
Klepper and Rickels (2012) or Barrett (2008) for an overview). The
literature shows that climate engineering can provide a viable strategy
if climate change is very harmful in the future (Bickel and Agrawal,
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2011), but also that its uncertainties (about its effectiveness, spatial
distributions, and side-effects) are such that it cannot substitute miti-
gation (Moreno-Cruz et al., 2012; Emmerling and Tavoni, 2017). The
academic dispute is mostly driven by assumptions about climate en-
gineering costs and benefits, which are very hard to quantify (Sterck,
2011). However, a central element raised by climate engineering relates
to international governance.

Climate engineering raises specific governance issues (Victor et al.,
2009), and currently there is a lack of an agreed framework to deal with
climate engineering. The mere existence of climate engineering might
justify lowered effort to curb greenhouse gas emissions, leading to a
possible moral hazard. Although the potential of SRM to substitute or
complement mitigation measures has been mostly assessed in the global
context, its impacts on the strategic incentives in the context of climate
negotiations are particularly relevant, as originally suggested by
Schelling (1996). Virgoe (2008) discusses several potential governance
schemes to deal with the unilateral and non-cooperative incentives that
can arise from SRM, either involving the United Nations, single nations
or coalitions. Overall, the strategic nature and regional heterogeneity
provide incentives for the use of SRM which might go against the global
good. Indeed, Rayner et al. (2013) suggested the so-called “Oxford
principles” as a first guidance for governance and research on SRM by
countries including its “regulation as public good” as first principle (the
other four principles include public participation in geoengineering
decision-making, disclosure of geoengineering research and open pub-
lication of results, independent assessment of impacts, and governance
before deployment). Therefore, the possibility of unilateral im-
plementation needs to be considered and assessed (Rabitz, 2016).

This paper aims at providing an appraisal of the risk of over-
provision of climate engineering as a result of lack of international
cooperation. In order to do so, we first lay out a conceptual framework
for thinking about climate engineering under non-cooperative and co-
operative settings. Then, we use a calibrated energy-climate-economy
model for numerical evaluation and sensitivity analysis. In both models,
each region decides how much to abate GHG emissions and how much
SRM to do. Global emissions generate climate change, which leads to
region-specific economic losses. SRM implementation also leads to da-
mages, thus introducing an additional externality. By comparing the
global optimum and Nash equilibria, we explore the interactions be-
tween mitigation and climate engineering under cooperative and non-
cooperative governance settings respectively.

This allows evaluating the risks of under-provision of mitigation and
overprovision of climate engineering. The paper is related to the an
argument recently put forward (Weitzman, 2015): namely, that climate
engineering is so relatively cheap (Barrett, 2008), that it might be de-
ployed unilaterally by one country to the detriment of others. Weitzman
has dubbed this new form of strategic interaction as ‘free driving’. The
familiar free riding externality, which is at the basis of the climate
change dilemma, is thus extended to the case of climate engineering: if
free riding leads to under-provision of emission reductions, free driving
could lead to an over provision of climate engineering above the global
social optimum. Note that while Weitzman motivates free driving as a
response to the lack of emission reductions, in his model the only cli-
mate strategy is climate engineering. Free driving occurs as a result of
countries’ different preferences for the optimal temperature. In our
setting, on the other hand, over-provision of climate engineering occurs
because of the asymmetry of climate damages and damages from de-
ploying climate engineering itself. However, our set-up does not allow
to disentangle the extent to which the overprovision of climate en-
gineering is due to lack of cooperation on emission reductions, and to
free driving as a result of different preferences for the level of SRM. In
the numerical modeling part, we jointly evaluate the double free-riding
and free-driving externalities. Before doing so, we outline an analytical
model which captures the first effect resulting from the interaction of
climate and SRM damages.

2. A game-theoretic framework

Given the strategic implications of climate engineering, it is useful
to lay out a simple game theoretic model to help framing the problem,
before moving to the calibrated numerical analysis. Several dynamic
games have been proposed in the literature. Ricke et al. (2013) provide
a numerical assessment of coalition formation in a two-stage game, and
show that regional differences in climate outcomes create strategic in-
centives to form coalitions that are as small as possible, while still
powerful enough to deploy solar geoengineering. Millard-Ball (2012)
considers the formation of a climate agreement about mitigation, with
individual decisions to implement SRM. He shows that a credible threat
of unilateral geoengineering may strengthen global abatement and
climate cooperation. Urpelainen (2012) considers a simple two period
deterministic model, showing that the availability for SRM in the future
can increase mitigation effort at present, since it can hurt other coun-
tries. Moreno-Cruz (2015) also studies the dynamic nature of the SRM-
Mitigation trade-off in a sequential two-stage game, and finds that
highly asymmetric impacts are an important driver of potential over-
provision of SRM. Manoussi and Xepapadeas (2015) study a differential
game between two heterogeneous countries, also finding countries with
higher benefits/lower costs will engage more in using SRM. Goeschl
et al. (2013) analyze long-term inter generational trade-offs due to the
possibility of SRM, while Quaas et al. (2017) consider the dynamics
including the non-cooperative decision on whether or not to engage in
research on SRM in the first place. Moreno-Cruz and Smulders (2017)
also develop optimal and non-cooperative SRM facing impacts from
temperature increase and carbon concentrations (using a more complex
carbon cycle) in an one-stage game, which is the most related to our
approach.

Here, we follow Barrett (2008) and Weitzman (2015) and propose a
game-theoretic model of optimal abatement and SRM policies. The
strategy set is {a;, s;} -abatement a; and climate engineering s; indexed
by region i =1, ..., N. The model is static, a major simplification.
However, we can interpret the variables as cumulative values, with a
and s being the sum of abated emissions and deployed SRM over the
century. Indeed, we will use these definitions for calibrating the ana-
lytical model (see also Appendix). We leave the dynamics to the nu-
merical analysis in the second part of the paper. We use a standard
cost-benefit analysis approach, whereby each country minimizes total
costs from deployment of abatement and SRM technologies, as well as
impacts from global warming and SRM deployment.

For modeling the global climate, we use the carbon budget approach
(Urpelainen, 2012; Matthews et al., 2009) and express the global mean
temperature change AT as a linear function of both total cumulative
emissions (e) and SRM (s). Cumulative emissions are the sum of pro-
jected business as usual (BAU) emissions without any climate policy
(e}’a“) in region j over all regions N. SRM directly lowers global tem-
perature, proportionally to the global SRM deployment. We denote by y
the transient climate response (Matthews et al., 2009), that is, the
change in mean temperature due to cumulative carbon emissions, and
by A the effectiveness of SRM to reduce temperature, so that global
mean temperature increase is given by (see also Appendix A for details):

N N
AT=yZ(e}”“—aj)—/lZSj

j=1 j=1

Each country i solves the problem of minimizing the total costs (TC;)
from abatement (C,), SRM deployment (Cs), climate change impacts
(D7) and SRM impacts (D,) given by:

N N N
TC; = Cai(a) + Gsi(s) + Dri(y Z (™ —a) — 2 Z 8;) + Dsi( z 5)

J=1 J=1 J=1

We can derive the first order conditions under both the Nash equili-
brium and global optimum, as shown in Appendix A for the case of a
fully quadratic specification of costs and impacts. We focus on the
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symmetric case of identical countries to show the differences between
cooperative and non-cooperative solutions and pin-point only the
consequences of lack of cooperation on climate (For free driving to
exist, one also would need asymmetry on climate change impacts, as
done in the numerical exercise). More general cases are discussed in
Appendix. Naming marginal damages from global temperature increase
7, mitigation costs a, impacts from SRM 6 and SRM implementation
costs 0, we find that for each country the optimal level of SRM under
cooperation is

N
1/N .
5800p — gb““
sym l+l N29+0+N26+a yzl J
A\« 7N = 6
while in the non-cooperative Nash equilibrium it is given by
N
; 1/N
g Strategic bau .
v A4 r(Noto | Noto 4 Z o
A\ « yiN J=1 2)

SRM deployment is driven by the efficacy to compensate global
warming (%) and four terms comparing costs and benefits -two of which
depend on N. For N = 1, SRM deployment is the same under the non-
cooperative and cooperative cases, and as expected there is no over-
provision of climate engineering. When N > 1, two effects drive a
wedge between the cooperative and non-cooperative solution: the first
term in the parenthesis in the denominator of (1) and (2) represents the
SRM overprovision, a function of the costs of SRM (implementation
costs 0 and impacts 0) compared to mitigation costs (a). This term
differs between cooperative and non-cooperative solutions: in the co-
operative case, the impact of SRM in all regions are internalized, hence
the factor N? instead of N. This leads to a wedge in SRM deployment
between non-cooperative and cooperative cases, which grows in N. The
second term in the parenthesis compares both externalities, climate and
SRM, and is of second order compared to the first effect: since the cli-
mate externality scales in N both for climate impacts and SRM impacts,
here N cancels in the numerator and denominator, while only private
SRM costs (0) do not scale in N. Thus, if N increases, the second term
leads to higher SRM in the cooperative compared to the non-co-
operative solution. Note however that this effect is linear in the mar-
ginal cost of SRM o. That is, for comparably small implementation costs
compared to it potential impacts, i.e., 0 <« 6, this effect becomes neg-
ligible and the SRM overprovision due to the first term effect dom-
inates.

Fig. (1) provides a graphical illustration of the climate engineering
overprovision, measured by the ratio of SRM in the non-cooperative
case over what socially optimal. Results are based on a calibration to
common projections of emissions, available parameters about cost and
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Fig. 1. Ratio of SRM deployment in non-cooperative over cooperative cases as a
function of the number of countries N, for different parametrizations. 0 = SRM

marginal investment costs; 6 = SRM marginal impacts.
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effectiveness of SRM, and stylized facts about climate and SRM impacts
(see Appendix A for details). The picture shows that when the costs of
climate engineering (o) are zero or sufficiently low, too much climate
engineering occurs. The overprovision increases in the number of re-
gions almost linearly (especially for N > 5). When climate engineering
has no adverse impacts (6 = 0), there is no difference in cooperative
and non-cooperative solutions and SRM is fully deployed in both cases.
The results are illustrative, given the simplifying assumptions made. For
example, previous analysis (Millard-Ball, 2012; Moreno-Cruz, 2015)
has shown that under asymmetric impacts of SRM climate engineering
might even spur emission abatement and facilitate the formation of a
self enforcing climate agreement. We explore the case of asymmetric
SRM impacts with the numerical analysis.

3. Numerical quantification

The previous section has indicated that too much climate en-
gineering occurs in the absence of climate cooperation, and that the
effect grows in the number of countries. In order to better evaluate the
overprovision effect, we need to move to a more realistic model. We
employ a calibrated energy-economy-climate model which optimizes
investments in both climate engineering and mitigation in a setting
with strategic interactions among nations and asymmetric climate
change impacts. We compare the case of no cooperation (Nash) to the
one with full cooperation, representing the world social optimum where
countries cooperate on the externalities resulting from both emissions
and climate engineering. The gap between these two climate archi-
tecture allows us to estimate free driving and free riding simulta-
neously, but not to tell them apart. We use the game theoretic in-
tegrated assessment model WITCH (Bosetti et al., 2009; Emmerling
et al., 2016), a numerical model which has been extensively used to
evaluate climate mitigation policies. The model integrates the energy
sector into a dynamic optimal growth economic model, and runs for the
whole century at five year time steps. WITCH divides the world into 13
regions/countries (see Fig. S1 in Appendix B for a map and more de-
tails). Although 13 regions/countries do not permit sufficiently dis-
aggregated analysis at the individual country level, all the major
emitters are represented. Similarly to the analytical model, we use a
cost benefit framework in which the cost of acting on climate change —
either via mitigation or climate engineering — is weighted against the
benefits of lowering global temperature. Climate change impacts are a
region-specific quadratic function of global temperature, with re-
gionally differentiated and calibrated impacts. Data for calibration
comes from the estimates of key market based impact categories such as
energy demand, sea level rise, agriculture, ecosystems losses and health
compiled by Bosello and De Cian (2014). Fig. S2 and Table S1 in Ap-
pendix A provide details about the climate impact function values and
calibration. The quadratic exponent follows the damage literature, in
particular the DICE model (Nordhaus, 2014, 2017). However, given the
uncertainties characterizing climate change damages we perform a
sensitivity analysis with a “high damage” scenario, where the damage
function is steeper (with an exponent of 2.8 instead of 2), resulting in
global impacts from global warming (without adaptation) at 2.5°C
warming by 2100 of 5.3% of GDP compared to 3.1% of GDP in the
baseline assumption.

We expand the standard version of the model to include an SRM
module, which accounts for operational costs, effectiveness in com-
pensating temperature as well as social and environmental impacts of
climate engineering. See Appendix B (SRM Module section) for the
module description and calibration. The first two issues are relatively
well understood in the literature, and we use a linear cost function and
proportional compensation of radiative forcing to SRM. As a sensitivity
analysis, we consider a case with zero implementation costs. Results are
essentially unchanged (see Fig. S5 in Appendix). As for the indirect,
external costs of SRM — which include possible damage to the ozone
layer, side effects of the implementation itself, as well as region-specific
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impacts such as increased droughts and other eco-system impacts
(Russell et al., 2012), these are currently unknown and profoundly
uncertain (Aaheim et al., 2015). We assume them to be global, and
follow Goes et al. (2011), who suggest economic impacts of a fixed
percentage of consumption for a given amount of SRM. Specifically,
they assume 3% consumption loss for SRM compensating each every
3.5 W/m? of forcing. These estimates are admittedly fragile, with lim-
ited or non-existent empirical basis. We therefore examine a variety of
sensitivity analysis, with SRM damages of 0.1%, 1%, 2%, 4%, 5% (as
suggested by Goes et al. (2011), as well as a higher value of 10%. We
assume SRM damages are the same across regions, but also explore a
case in which SRM and climate impacts are collinear, and calibrated to
be the same for 2.5 °C of warming. Finally, in order to capture a specific
consequence of SRM regarding the potential impact from abrupt
warming or cooling, which is not covered by standard damage func-
tions, we assume a damage term coming from temperature variation (as
opposed to level) and calibrated on Lempert et al. (2000). We further
assume that SRM will be available from mid century onward, since SRM
still needs to be further researched before being deployed at scale. This
is an arbitrary assumption, since earlier SRM deployment might be
possible. Previous work with the same model has shown this not to be
an important parameter (Emmerling and Tavoni, 2017).

3.1. Global overprovision of climate engineering

The calibrated energy-climate model allows evaluating the risk of
too much climate engineering. To do so, we run a two-by-two scenario
matrix with cooperation and SRM availability as dimensions. This
yields four scenarios, in addition to a counterfactual business as usual
without climate change and SRM. Fig. 2 provides the main global re-
sults in terms of cumulative emission mitigation (left panel) and SRM
deployment (right panel). Ranges show the sensitivity to SRM impacts
(spanning + 2 of GDP around our central value of 3%, i.e., from 1 to
5% of GDP for compensating 3.5 W/m? of radiative forcing). The left
panel highlights a major decline in emission reduction when moving
from a cooperative setting to a non-cooperative one. This is the familiar
issue of free riding, which limits the incentives to reduce CO, emissions
when countries do not cooperate for the public good but rather act in
their own interest. Cumulatively over the century, free riding reduces
mitigation by 85.4 and 82.9 for the cases with and without SRM re-
spectively. When climate engineering is available (dashed lines), we

Abatement and SRM

Temperature

4

2010 2040 2070 2100

solution — bau — Cooperation — Non-cooperative  policy — wio SRM ===+ with SRM

Fig. 3. Global temperature over the 21st century (compared to preindustrial
levels) across scenarios (shaded area shows sensitivity analyses for SRM impacts
for the range 1-5% of GDP for compensating 3.5 W/m? of radiative forcing).

notice a reduction in mitigation, both in the case of cooperation and in
the non-cooperative one. That is, we have evidence of SRM crowding
out mitigation effort. This moral hazard effect has been often described
as one of the main rationale for banning SRM from the set of climate
strategies (McLaren, 2016). While our evaluation indicates some re-
duction in mitigation due to SRM, quantitatively the crowding out of
mitigation we find is small compared to the SRM overprovision.

The right panel reports deployment of SRM in the scenarios where
this is available. The chart provides evidence of significant over-
provision of climate engineering: cumulatively over the second half of
the century, SRM is over-deployed by a factor of 8 in the non-co-
operative case (95.5TgS) with the respect to the socially desirable level
(12.07gS). Furthermore, SRM is deployed significantly later (2075
versus 2050, the first available date) under the cooperative case. The
magnitude of this effect confirms the quasi linear predictions of the
analytical model presented in the previous section. All in all, the SRM
over-provision appears to be of a similar magnitude than the under-
provision of GHG mitigation.

Fig. 3 shows the implications for the global mean temperature in-
crease, while in Appendix in Fig. S6 we show the CO, concentrations.
Without SRM, end of century temperature would increase by 2.8°C
with cooperation and by 3.5 °C without cooperation. That is, SRM - by

Mitigation [GtCO2-eq] SRM [TgS]
3 -
2
14
PN I SRR | (W0, ) D
2025 2050 2075 2100 2025 2050 2075 2100
solution — Cooperation — Non-cooperative policy — w/o SRM ---- with SRM

Fig. 2. Cumulative mitigation (all greenhouse gases, 2010-2100, left panel) and SRM deployment (right panel) for the cooperative and non-cooperative scenarios,
with and without SRM (shaded area shows sensitivity analyses for SRM impacts for the range 1-5% of GDP for compensating 3.5 W/m? of radiative forcing).
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weakening mitigation efforts — increases end of century temperature by
about 0.7 °C, bringing it very close to the BAU case of no climate da-
mages. Availability of SRM allows to decrease temperature moderately
under cooperation (from 2.8 °C to 2.4 °C), but dramatically under non
cooperation (from 3.5°C to 1.1 °C). It is worth noticing how globally
sub-optimal this outcome is. In a world governed by supra-national
institutions which maximize global welfare by internalizing the impacts
of climate change and SRM, SRM will be used to lower temperature
only late in the century and moderately, by less than 0.5 °C. In a world
characterized by national interests and no coordination, SRM would be
used excessively (2.4 °C of cooling) and from the onset (year 2050).

Since deploying SRM generates global external costs, the over-pro-
vision of SRM documented in the previous chart can negatively influ-
ence global welfare, outweighing the benefits of reduced global
warming. This is indeed what we find to be the case. Policy costs are
higher in the non-cooperative scenarios, and increase when SRM is
made available (GDP losses of 3.2% with SRM and 2.8% without). On
the contrary, cooperation lowers policy costs, and these are not affected
by whether SRM is available or not (GDP losses of 0.6% both with and
without SRM). The global economic losses from lack of cooperation
(2.8% — 0.6% = 2.2%) further increase with SRM (3.2% — 0.6% = 2.6%).
Thus, SRM seems to have a heavily one-sided effect more greatly im-
pacting the non-cooperative setting negatively. This highlights that
when evaluating SRM as an alternative to mitigation (one of the key
issues examined in the literature, see Moreno-Cruz and Smulders
(2017)) a non-cooperative setting should be employed.

Decomposing the difference in policy costs between the runs with
and without SRM over time, Fig. 4 shows that climate engineering ex-
ternal costs outweigh the benefits of lower temperature throughout all
the century. The gap between reduced climate impacts (standard and
gradient) and external damages of climate engineering (SRM impacts)
are much bigger for the non-cooperative scenarios. This is a result of the
larger deployment of SRM in absence of cooperation. The other costs
components (SRM and residual, including abatement) appear to have
second order effects. This suggests that the relative appeal of SRM and
mitigation largely depends on the climate and SRM impacts. Both are
very difficult to estimate.

3.2. Regional results

So far we have looked at the global picture. Let's now turn to the
disaggregated regional results coming from the integrated model,

Impact Decomposition SRM vs. noSRM
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Fig. 5. Regional distribution of SRM. Cumulative (2050-2100) SRM deploy-
ment across regions for the cooperative case (left bar), and the non-cooperative
cases with normal and high climate impacts (right and central bars). For the
definition of the regions, see Fig. S1 in Appendix B.

which divides the world into 13 macro-economic regions. Fig. 5 reports
the regional distribution of SRM deployment. The cooperative scenario
shows a low level of SRM — as documented before. Moreover, given that
we do not consider equity weights of regions and the implementation
costs of SRM are linear (see Appendix B), the distribution between re-
gions does not matter and the results presented here prescribe an even
split among regions. The most interesting results come from the non-
cooperative cases, which will be the focus of the regional analysis from
here onward. Finding a unique solution to this problem is not a trivial
task, since (numerous) multiple equilibria exist. We use an approx-
imation method where first we identify bounds for SRM based on
unilateral deployment (e.g. one region at the time), which we use as
constraints when running the non-cooperative solution where all
countries can engage in SRM. In Appendix C the approximation algo-
rithm is discussed in more detail. Results in Fig. 5 indicate that SRM
would be deployed in few regions, mainly in Asia and Africa. When
assuming that only one country at a time can deploy SRM, the same
subset of countries deploy SRM (see Fig. S3 in Appendix D). This im-
plementation method reflects the modeling of Weitzman's stylized free-
riding model where only one region deploys SRM, while the equili-
brium presented here represents more realistic regional distribution to
the deployment of SRM. Yet, it is noteworthy that many equilibria exist

coop

non-cooperative
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Fig. 4. Global welfare impacts of climate engineering measured as policy costs difference between “with SRM” and “w/o SRM” scenarios decomposed by source and

over time.
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conceptually, which would lead to the same global climate outcomes
and regional impacts. The only difference across regions would consist
in the distribution of the (minor) SRM implementation costs. The total
SRM and its regional distribution appear to be relatively similar when
assuming higher climate change impacts, shown in the same chart.

We also performed sensitivity analysis with respect to the damages
of SRM, which are highly uncertain — see Fig. S4 in Appendix D. We let
SRM impacts vary from 0.1% all the way to 10% of consumption losses
for every 3.5W/m? of forcing offset. Total SRM scales approximately
linearly with the external impacts of SRM, in the expected direction of
lower impacts leading to more SRM. Furthermore, our central specifi-
cation assumes symmetric SRM impacts, given the limited knowledge
about their values. In fact, this might well be not the case, and previous
theoretical contributions have shown that asymmetric SRM damages
might lead to less SRM and more abatement (Millard-Ball, 2012;
Moreno-Cruz, 2015). To test this, we ran an additional case in which
SRM and climate impacts are collinear, and equal for global warming of
2.5°C. Results (Fig. S5 in Appendix) show as expected that when cli-
mate change and SRM impacts are positively correlated, less SRM is
deployed. Nonetheless, even in this case significant quantities of sulfur
are injected in the atmosphere, and mostly by the same set of regions.
We also looked at the regional changes in mitigation patterns, see Fig.
S7 in Appendix. In the non-cooperative case, abatement decreases
slightly when SRM is available, confirming the global results that free
riding seems to be of relatively less important than the overprovision of
SRM.

The rationale for the regional distribution of SRM is shown in Fig. 6.
Developing Asia and Africa show the highest climate benefits, in terms
of reduced impacts from climate change. Indeed, these are the regions
which would suffer the most from climate change according to the
climate impact function 9. Abstracting from the side effects of climate
engineering, the global climate benefits of lowering temperature would
be substantial, from an expected economic loss in 2100 of around 14
trillion USD without SRM, down to 3 trillion with SRM. Of these almost
11 trillion USD in reduced climate impacts, 7.5 trillion USD would
accrue to the regions deploying SRM in Asia and Africa. Still, these
countries would experience more than half of the total residual climate
damages. Moreover, lowering global temperature via SRM comes at the
cost of high impacts from SRM, shown in Fig. 6 as a blue line. Note that
in the main specification, SRM impacts are equal across countries, and
since we report net present values, the blue line is not exactly equal
across regions given a different timing of SRM implementation across
regions.

To further delve into the strategic aspects of SRM, we evaluate
which regions are gaining or losing from its availability. Fig. 7 plots

% of GDP (NPV) & TgS/10yrs
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Fig. 6. Avoided climate impacts due to SRM and SRM impacts (in % of GDP
NPV, 3% discount rate), as well as SRM deployment (TgS per decade), for the
non-cooperative scenarios, 2050-2100. (For interpretation of the references to
color in the citation of this figure, the reader is referred to the web version of
this article.)
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Consumption loss across regions
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Fig. 7. Consumption losses (NPV, 3% discount rate, upper panel) and welfare
levels (lower panel) with and without SRM across regions for the non-co-
operative scenarios. The size of the circles is proportional to the average SRM
deployment (in TgS per decade).

welfare and consumption losses both with and without SRM for the 13
regions. The diagonal line separates regions winning from SRM (above)
from those loosing (below). The chart indicates that the countries which
do deploy SRM - in Asia and Africa — gain from doing so, at the ex-
penses of all other regions. However, total welfare (lower panel, mea-
sures as Balanced Growth Equivalent (BGE), see Anthoff and Tol, 2009)
is not significantly affected, and the regions supporting SRM remain
among the poorest in the world, both because of general economic
factors as well due to the higher impacts of climate change in these
countries.

4. Conclusion

The analytical and numerical modeling exercises described in this
paper document a possible risk of excess climate engineering. Under
non-cooperation, too much climate engineering is deployed, tempera-
ture falls below the optimal value, and the side effects of climate en-
gineering outweigh the benefits of lower climate impacts, with negative
global welfare impacts. The regional results indicate that the countries
with higher expected impacts from climate change would be the ones
deploying climate engineering at the expenses of the rest of the World.
Yet, these poor countries would still host the majority of the residual
climate change impacts. These results bear important repercussions for
international climate policy. Climate engineering has been often de-
scribed as a possible solution in case climate negotiations over miti-
gation fail. Indeed, its cost effectiveness in reducing global temperature
and the ability to do so in rapid time is unparalleled. However, it is vital
that climate engineering is discussed and negotiated within the few
existing supra-national institutions and possibly jointly with mitigation
measures. In such a setting, our model has shown that climate
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engineering could provide a valuable complement to emission mitiga-
tion, lowering global temperature by 0.4 °C. On the other hand, failure
to collectively manage climate engineering could results in too much
climate engineering, and to a total welfare loss as the benefits from a
less hot planet would be more than offset by the damages inflicted by
SRM deployment.

The underlying analysis is greatly simplified, especially for what
concerns countries’ retaliatory measures and political influence. For
example, counteracting measures against SRM aimed at undoing the
temperature masking could be deployed, triggering an SRM war with
unclear consequences. Although our results appear to be robust to
sensitivity analysis, more work needs to quantify the interplay between
climate change and SRM impacts. The latter are especially not well
understood, and will require further research before a real quantifica-
tion can be carried out (Irvine et al., 2017). Notably, if SRM impacts
turn out to be much lower than currently considered, the welfare effects
could be different. The most well-understood major side effects of SRM
are the effects on the hydrological cycle, and damages from ocean
acidification. Current damage functions assume that impacts from
temperature and CO2 are proportional (as we assumed here), but cli-
mate engineering challenges this assumption by breaking the temper-
ature—CO,, relation (Oschlies et al., 2017). More detailed geographic
resolution at the level of countries is also warranted, since this is an
important variable as shown in the analytical model results. Doing so
might further emphasize the findings of this article. In this paper, we
have neglected uncertainties and risks related to climate engineering
characteristics. Previous work, including also work with the IAM
WITCH, has shown this to be an important driver of SRM viability
(Emmerling and Tavoni, 2017; Moreno-Cruz and Keith, 2013).

Despite these (and other) limitations, the analysis presented here
has highlighted the relevance of strategic considerations when evalu-
ating climate engineering as a climate control strategy. The governance
challenges raised by climate engineering are enormous, and should be
guiding research and policy alike.

Appendix A. Supplementary Data

Supplementary data associated with this article can be found, in the
online version, at https://doi.org/10.1016/j.gloenvcha.2018.10.006.
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