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Probabilistic cost estimates for climate change

mitigation

Joeri Rogelj"2, David L. McCollum?, Andy Reisinger?, Malte Meinshausen*” & Keywan Riahi*®

For more than a decade, the target of keeping global warming below
2 °C has been a key focus of the international climate debate'. In
response, the scientific community has published a number of
scenario studies that estimate the costs of achieving such a target®™.
Producing these estimates remains a challenge, particularly because
of relatively well known, but poorly quantified, uncertainties,
and owing to limited integration of scientific knowledge across
disciplines®. The integrated assessment community, on the one
hand, has extensively assessed the influence of technological and
socio-economic uncertainties on low-carbon scenarios and asso-
ciated costs>*’. The climate modelling community, on the other
hand, has spent years improving its understanding of the geo-
physical response of the Earth system to emissions of greenhouse
gases® "%, This geophysical response remains a key uncertainty in the
cost of mitigation scenarios but has been integrated with assess-
ments of other uncertainties in only a rudimentary manner, that
is, for equilibrium conditions*'*. Here we bridge this gap between
the two research communities by generating distributions of the
costs associated with limiting transient global temperature increase
to below specific values, taking into account uncertainties in four
factors: geophysical, technological, social and political. We find that
political choices that delay mitigation have the largest effect on the
cost-risk distribution, followed by geophysical uncertainties, social
factors influencing future energy demand and, lastly, technological
uncertainties surrounding the availability of greenhouse gas miti-
gation options. Our information on temperature risk and mitiga-
tion costs provides crucial information for policy-making, because
it clarifies the relative importance of mitigation costs, energy
demand and the timing of global action in reducing the risk of
exceeding a global temperature increase of 2 °C, or other limits such
as 3 °Cor 1.5 °C, across a wide range of scenarios.

We generate cost distributions by combining mitigation cost esti-
mates of emissions scenarios with probabilistic temperature projec-
tions. Importantly, our cost estimates do not account for any avoided
climate damages as a result of emission reductions. This information is
obtained from a large set of scenarios created with an integrated assess-
ment model'*'®, for which the temperature increase is computed
with a probabilistic climate model'®"” (Fig. 1, Supplementary Fig. 1,
Methods and Supplementary Information). Each modelling frame-
work has inherent limitations. For example, although it incorporates
state-of-the-art uncertainty quantifications of the Earth system, our
model does not fully explore tipping points. Similarly our energy-
economic emissions scenarios map a wide range of possible futures
(Supplementary Figs 7 and 8) but are not exhaustive of all potential
outcomes (Supplementary Information).

Temperature projections for any given pathway have a spread
owing to geophysical uncertainties' (Fig. 1b). In the absence of any
serious mitigation efforts (present global carbon prices of less than
US$1 per tonne of carbon-dioxide-equivalent emissions (tCO ™),
the likelihood of limiting warming to less than 2°C is essentially

zero (<1%; Fig. 1c). However, imposing a carbon price of about
US$20tCOe ™" in our model would increase the probability of
staying below 2 °C to about 50%, and carbon prices of more than
US$40tCO,e ' would achieve the 2 °C objective with a probability
of more than 66% (‘likely’ by the definition of the Intergovernmental
Panel on Climate Change'). Similar trends hold for other cost metrics
(Supplementary Information). For example, a carbon price of US$20-
40tCO,e ™" translates in our model to cumulative discounted mitiga-
tion costs (2012-2100) of the order of 0.8-1.3% of gross world product
(Supplementary Fig. 10).

A marked feature of the mitigation cost distribution (Fig. 2) is that
the probability of global warming staying below 2 °C levels off at high
carbon prices. This occurs because, beyond a given carbon price, nearly
all mitigation options that can substantially influence emissions in the
medium term have been deployed in our model. Higher carbon prices
help further to reduce emissions later in the century, but only affect
temperatures after peaking®. Hence, the probability of staying below
2 °C during the twenty-first century reaches an asymptote.

Geophysical uncertainties shed light on only one aspect of mitiga-
tion costs, however. To gain insight into how assumptions regarding
technological and social uncertainties influence our cost distribution,
we create a large set of sensitivity cases (Table 1), in which we vary
some salient features of the scenarios, namely the availability and use
of specific mitigation technologies; future social development and, by
extension, global energy demand; and the international political con-
text surrounding climate mitigation action, specifically delays in the
implementation of a globally comprehensive mitigation response’
(Supplementary Information). We note that population and economic
growth do not vary in our scenarios; we therefore cannot assess their
relative importance with our ensemble (Supplementary Information).
Given its policy relevance’', we focus most of our discussion on the
limit of 2 °C (Supplementary Figs 4 and 5 illustrate the results for 2.5
and 3 °C, respectively).

Our results can be framed in two ways (Fig. 2): first, in terms of how
probabilities for achieving the 2 °C objective change for a fixed cost
(black arrows); and, second, in terms of how the cost consistent with
the 2°C goal varies for a given probability level (orange arrows).
Whether or not a carbon price of about US$40 tCO,e ' restricts global
warming to less than 2 °C with a likelihood of more than 66% depends
on the future availability of key mitigation technologies (Fig. 2a). In our
worst-case technology-sensitivity assumption—that capture and geo-
logical storage of carbon (CCS) is entirely unavailable—the probability
of staying below 2 °C at a carbon price of US$40 tCO,e ™' decreases to
around 50%. However, with no such constraints and further technolo-
gical breakthroughs (Table 1), the likelihood of limiting warming to
2 °C could be higher than 66% at the same carbon price.

The cost distributions also show how changes in technological mea-
sures affect the economics of mitigation given a fixed probability level.
For example, in most cases the 2 °C objective can be achieved with a
probability of more than 66% as long as the carbon price is high
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Figure 1 | Methodology for creating cost-risk relationships for a given
temperature limit. a, [llustrative set of emissions scenarios with carbon prices
increasing from zero to US$1,000 tCO,e . The arrow at right indicates the
direction of increasing carbon prices across the illustrative set. The blue-
highlighted scenario has a global carbon price discounted back to 2012 of
US$21tCO,e ™. b, Probabilistic temperature projections for the blue trajectory
in a. Horizontal lines at 2, 2.5 and 3 °C show possible target temperature limits.

enough (Fig. 2a). In certain instances, however, the lack of mitigation
options (such as renewable technologies, nuclear power or limited
biomass and afforestation potential) could require substantially higher
carbon prices to keep this target viable. At the limit is CCS: the com-
plete elimination of this mitigation option—either for technological
reasons or as a result of social and political concerns—would put the
2 °C objective (with more than 66% probability) out of reach in our
model, no matter how high the carbon price.

The future availability of energy supply technologies (for example
renewable technologies and CCS) tells only one side of the story; a
strong finding from our analysis is that social developments influ-
encing energy demand (that is, efficiency of energy use) are even more
important. This is evidenced in Fig. 2b by the differences between three
distinct scenario families whose future energy demands vary greatly
(low, intermediate and high; see Table 1 and ref. 7 for details). In the
low-demand scenarios, end-use efficiency measures and conservation-
minded energy and urban planning policies are instituted ubiquitously
throughout the industrial, building and transportation sectors in all
countries. This leads to a global energy demand in 2050 that is about
25% lower than our intermediate baseline, which broadly applies
historical patterns of efficiency improvement’. Such reductions in
demand could be crucial in keeping the 2 °C objective within reach,
independently of what happens in terms of energy supply.

For example, in our scenarios the availability of nuclear power has
an almost negligible effect on overall mitigation costs compared with a
switch from a scenario with an intermediate energy demand to one
with a high demand. Low-demand strategies would ensure a higher
likelihood of staying below 2 °C for the same carbon price (from 66%
to more than 80% at US$40 tCO,e '), or, viewed in a different way,
would drastically reduce the cost of reaching the ‘likely’* probability
level (from US$40tCO,e ! to around US$10-15tCO,e *). In con-
trast, a high-energy-demand future—about 20% greater in 2050 than
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In this illustrative scenario, median (50% probability) warming is 2.0 °C. There
is a slim chance (<5%) that temperatures remain below 1.3 °C and a large
chance (>90%) that they remain below 3.0 °C. ¢, Cumulative distributions of
carbon prices consistent with limiting warming to below 2, 2.5 and 3 °C, as
indicated. Blue dots indicate points defined by the cost information of the
scenario highlighted in a and the probabilistic temperature projection in b.

the intermediate baseline, resulting from more energy-intensive life-
styles and less efficiency- and conservation-focused policies—would
require much higher carbon prices (>US$150 tCO,e ') and make it
much more difficult, if not impossible, to reach the 2 °C objective with
a probability of more than 66%.

Overall, Fig. 2b indicates that the present influence of geophysical
uncertainties on the spread in mitigation costs to achieve the 2°C
objective is comparable to that of the uncertainties arising from different
future pathways for social development and technological changes and
choices. The maximum difference in probability of staying below 2 °C
between the least costly (blue-dashed) and the most costly (red-dotted)
distribution is slightly greater than 60 percentage points. This roughly
matches the range of probabilities found when taking into account
the Earth system uncertainty under the same supply and demand
assumptions (for example 0-70% for the entire range of carbon prices
in our central case, which assumes a reference technology portfolio and
intermediate energy demand). Such a finding is broadly consistent with
earlier studies comparing the relative contributions of geophysical and
technological factors® using a non-probabilistic approach.

Yet, despite all of the uncertainty in the geophysical, social and
technological aspects, our analysis indicates that the dominant factor
affecting the likelihood and costs of achieving the 2 °C objective is
politics. Here we model political uncertainties by varying the timing
of concerted global mitigation efforts. Although studies of the implica-
tion of delays in climate action are not new>>~*, our results show how
geophysical uncertainties interact and compare with political inertia: if
global temperature rise is to be kept below 2 °C with a probability of
more than 66% under central technology and energy demand assump-
tions, our scenarios show that immediate and globally coordinated
mitigation action is necessary (Fig. 2¢; Supplementary Information
provides an explanation of ‘immediate’). Only for low-energy-demand
pathways can global mitigation action be delayed until 2020 and the
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Figure 2 | Influence of mitigation technology, energy demand and political
inaction on the cost-risk distributions for staying below 2 °C. Cost
distributions for six cases with varying future availability of specific mitigation
technologies (a) and three sensitivity cases for future energy demand (b, thick
solid lines). Shaded areas and dashed lines in b represent technology-sensitivity
cases comparable to those shown in a. Shaded areas and dashed lines in

2 °C objective still be achieved with a probability of more than 66% (or
delayed until 2030 with a probability of 50%; Fig. 2d).

In conclusion, we find that the effect of global mitigation action
delayed by two decades is much more pronounced than the conse-
quences of uncertainty surrounding mitigation technology availability
and future energy demands, and renders even the geophysical uncer-
tainties almost irrelevant for the 2 °C objective (Fig. 2d, Supplementary

Table 1 | Overview of sensitivity cases

d represent technology- and politics-sensitivity cases comparable to those in
b and ¢, respectively. ¢, Impact of delayed global mitigation action. d, Overview
figure combining all sensitivity cases. The horizontal line in a—c is the 66% line.
Similar figures for 2.5 and 3 °C are provided in Supplementary Figs 4 and 5.
A comparison with 91 scenarios from the literature® is provided in
Supplementary Fig. 7.

Table 2 and Supplementary Fig. 9). Furthermore, we find asymptotic
limits to increasing the probability of reaching a given temperature
objective in our model: if mitigation action is delayed, simply spending
more money on the problem in the future will not increase this proba-
bility beyond certain limits imposed by the Earth system.

Our mitigation cost distribution methodology can also be applied to
other temperature objectives, for example a weaker limit (3 °C) or a

Mitigation technology

Technological limits
No new nuclear

From 2020 onwards, no new investments are made into nuclear power, leading to a full phase-out of existing plants by 2060.

Limited land-based measures The mitigation potential from biomass, land use and forestry is limited.

No CCS

globally meaningful scale.

Technological breakthroughs
Advanced transportation

Technology to capture and geologically store CO, (CCS) from fossil fuel and/or biomass energy never becomes available on a

Fundamental changes in transportation infrastructures (for example for electric transport) or major breakthroughs in transportation

technology (for example in hydrogen fuel cells) lead to increased decarbonization of the transportation sector.

Advanced non-CO, mitigation

The mitigation potential of non-CO, greenhouse gases is assumed to improve continuously, beyond the level of current best practice.

Energy demand

Intermediate demand

observed historically.
High demand
Low demand

The development of energy demand and efficiency improvements is broadly consistent with (only slightly faster than) what is

Energy efficiency improves more slowly than historically observed, leading to a high future energy demand.

Energy efficiency improves radically in all end-use sectors (buildings, industry, transport) leading to low future energy demand.

Political inaction

Delayed action

Globally concerted mitigation action is postponed from today until 2015, 2020, 2025 and 2030 in respective cases.

Detailed descriptions and background are provided in Supplementary Information and ref. 7.
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Figure 3 | Cost-risk distributions for returning global temperature increase
to below 1.5 °C by 2100. a, Cost distributions for three cases of varying future
energy demand (solid red, green, and blue lines) and varying future availability
of specific mitigation technologies (shaded ranges around solid lines). Ranges

stricter limit (1.5 °C), the second of which has already been discussed
in the policy arena®’. We find that unless energy demand is low, CCS
technology is available and global climate action is undertaken imme-
diately, holding temperature increase to below 1.5 °C by 2100 with a
probability of at least 50% is already unfeasible (Fig. 3a). In terms of
costs, this would require the immediate introduction of global carbon
prices of more than US$40 tCO,e ™" (increasing over time with the
discount rate). If global mitigation action were delayed by 10 to 20
years, a carbon price of US$40tCO,e ™' would yield probabilities of
only 10-35%; and, even under higher prices, a 50% probability could
no longer be reached under central technology and low-energy-
demand assumptions (Fig. 3b). However, the same carbon price,
US$40 tCO,e ™', would prevent an increase in warming beyond 3 °C
with a high probability (>90%) for all supply-demand combinations,
contingent on the immediate global introduction of the pricing instru-
ment (Supplementary Fig. 5).

Our findings have implications for the ongoing international cli-
mate policy discussions”’, which foresee a global agreement coming
into effect only in 2020. For this delay strategy to be successful, national
and local governments would need to place far greater importance
on concurrent demand-side solutions to climate protection (thus
lowering energy demand growth), as well as on voluntary or revised
near-term mitigation policies and measures that anticipate and are
consistent with a future stringent climate agreement. Our model
results show that robustly safeguarding the future achievement of
the oft-discussed 2 °C objective requires that society embarks on a
higher-efficiency, lower-energy-demand course well before 2020 in
the context of sustained, concerted and coordinated mitigation efforts.

METHODS SUMMARY

We create a large ensemble (n > 700) of emissions scenarios with MESSAGE'*'*, a
global integrated assessment modelling framework with a detailed representation
of greenhouse-gas-emitting sectors, by imposing cumulative constraints on green-
house gas emissions (for all such gases: carbon dioxide, methane, nitrous oxide,
halocarbons and fluorinated gases) of varying stringencies for the whole twenty-
first century, and by changing salient features in the underlying scenario assump-
tions (see Supplementary Information, Supplementary Fig. 1, Supplementary Table 1
and ref. 7 for a full set of assumptions). Our scenarios assume ‘middle-of-the-road’
assumptions for socio-economic development from previous research on scenarios:
population peaking at 9,700,000,000 later this century (United Nations median
projection®) and gross world product increasing more than sevenfold by 2100
(updated Special Report on Emissions Scenarios B2 scenario projection by the Inter-
governmental Panel on Climate Change”’).

We then compute probabilistic estimates of global temperature increase for
each scenario with the MAGICC climate model'®'7*’. These estimates are based
on a 600-member ensemble of temperature projections for each scenario, which
together closely represent the carbon-cycle and climate uncertainties as assessed

82 | NATURE | VOL 493 | 3 JANUARY 2013

Immediate action, full portfolio
- - - - Delayed action until 2020
--=-~- Delayed action until 2030

show the variation over all assessed technology-sensitivity cases. b, Influence of
global mitigation action delayed from now until 2030. The vertical axis shows
the probability of returning global average temperature increase to below 1.5°C
by 2100.

in the Fourth Assessment Report of the Intergovernmental Panel on Climate
Change'”. Additionally, our temperature projections are also constrained by
observations and estimates of hemispheric temperatures and ocean heat uptake
(Supplementary Information). The probability of staying below a given temper-
ature threshold is computed over the entire twenty-first century and relative to
pre-industrial levels. In contrast to the 2 °C objective, the target of 1.5 “°C is referred
to as a long-term goal®', meaning that we allow a small, temporary overshoot and
assess the probability of returning warming to below 1.5 °C by 2100.

We present our results using carbon prices as the cost metric. For an illustration of
our results using other cost metrics, such as total mitigation costs, see section 1.4 of
Supplementary Information and Supplementary Figs 2 and 3. The carbon price shown
is the price at the time action starts, discounted back to 2012 with a discount rate of
5% per year (Supplementary Information, section 1.4, and Supplementary Fig. 6).
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