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Abstract
The 2 ◦C and 1.5 ◦C temperature targets of the Paris Agreement can be interpreted as targets never
to be exceeded, or as end-of-century targets. Recent literature proposes to move away from the
latter, in favour of avoiding a temperature overshoot and the associated net negative emissions. To
inform this discussion, we investigate under which conditions avoiding an overshoot is
economically attractive. We show that some form of overshoot is attractive under a wide range of
assumptions, even when considering the extra damages due to additional climate change in the
optimisation process. For medium assumptions regarding mitigation costs and climate damages,
avoiding net negative emissions leads to an increase in total costs until 2100 of 5% to 14%.
However, avoiding overshoot only leads to some additional costs when mitigation costs are low,
damages are high and when using a low discount rate. Finally, if damages are not fully reversible,
avoiding net negative emissions can even become attractive. Under these conditions, avoiding
overshoot may be justified, especially when non-monetary risks are considered.

At the 21st Conference of the Parties to the United
Nations Framework Convention on Climate Change
in 2015, 174 countries ratified the Paris Agreement.
They agreed to limit global mean temperature change
to well below 2 ◦C and pursue efforts to stay below
1.5 ◦C above pre-industrial levels. Different interpret-
ations of such temperature targets can be found in
the literature, i.e. either a value that can never be
exceeded or something that needs to be achieved this
century (allowing a temporary overshoot). Given the
near-linear relationship between CO2 emissions and
global temperature change, the former translates into
a peak carbon budget, i.e. the cumulative net CO2

emissions until net-zero CO2 emissions is reached.
In contrast, the latter translates into a net carbon
budget during the 21st century (in both cases assum-
ing an equivalent reduction of non-CO2 greenhouse
gas emissions). Many of the scenarios developed by
integrated assessmentmodels (IAMs) used in the fifth
assessment report of the IPCC followed the second
approach: first, they exceeded the carbon budget (for
a short period), after which the excess emissions were
compensated by net negative emissions towards the

end of the century [1, 2]. In response, there has been
a lively debate in the literature about both the risks
related to (net) negative emissions and the allowance
of overshoot [3, 4].

In this context, Rogelj et al [5] proposed to
replace the end-of-century budgets with so-called
peak budgets. Interestingly, in their proposal, little
consideration was given to the related costs and bene-
fits of avoiding net negative emissions. On the one
hand, avoiding overshoot avoids the extra damages
from climate change incurred throughout the century
as a result of exceeding the temperature target. On the
other hand, it also leads to less flexibility in the tim-
ing of mitigation, leading to higher mitigation costs
(up to 80% higher in current IAM literature scen-
arios [6]). In this paper, we fill this gap by investigat-
ing the net effect of these opposite economic impacts
of avoiding overshoot. More specifically, we determ-
ine under which conditions peak budgets might be an
attractive strategy from an economic perspective and
under which conditions it would not be.

The answer to these questions depends on several
factors, such as the severity of damages, discount rate,
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climate sensitivity, and mitigation costs. We perform
a sensitivity analysis covering the literature ranges for
each of these factors to investigate the economic effect
of the decision not to allow overshoot—therefore
providing evidence of the rationality of such a choice
based on abatement costs and damage costs. This
informs the debate about the (dis)advantages of net
negative emissions. It should be noted that this is not
accounting all factors. Negative emissions could also
impact biodiversity and food security [7, 8] (depend-
ing on the choice of technology and uncertainties
regarding efficiency and management; some amount
of negative emissions can probably be generated with
relatively little impacts [3]).

An additional novel aspect of our research in the
discussion of the role of negative emissions related
to carbon budgets is that we take into account par-
tially irreversible damages. Most, if not all, traditional
IAMs assume that when temperature decreases, dam-
ages decrease accordingly [9]. However, some types
of damages, such as disappearing glaciers and species
extinction, are irreversible, and, therefore, will remain
even when temperature declines. We propose a mod-
elling framework including partially irreversible cli-
mate damages in an IAM setting.

1. Economic impact of avoiding net
negative emissions

We analyse the economic impact of avoiding net neg-
ative emissions using a simple and transparent IAM
similar to DICE [10] (see section 5). Gross GDP is
calculated in this model using a production func-
tion based on technological progress (total factor pro-
ductivity, TFP), capital and population. Both climate
mitigation costs and damage costs resulting from cli-
mate change impacts are subtracted from the gross
GDP. The resulting net GDP is divided in a fixed share
to consumption and investments. Therefore, the mit-
igation and damage costs induce a direct loss of con-
sumption and an indirect effect on economic growth
by affecting investments. The model maximises the
total discounted per capita utility, which is a concave
function of per capita consumption, using pure rate
of time preference (PRTP) values spanning the cur-
rent literature range. The temperature is calculated
as a linear function of cumulative emissions using
the transient climate response to emissions (TCRE)
relation [11]. We calibrated all factors in the model
based on the literature (see section 5). For mitiga-
tion costs, the mitigation potential as a function of
costs is calibrated to the literature range in the IPCC
scenario database for AR5 and SR1.5 (underlying a
range of mitigation options). In a scenario where
net-negative emissions are allowed, the yearly CO2

emissions are limited to −20 GtCO2 yr−1 represent-
ing the limits due to biophysical, technical, economic
and sustainability constraints. In the literature a wide

range of values for the contribution of net negat-
ive emissions can be found, ranging from 0 to more
than 40 GtCO2 yr−1 [3, 12], similar to the literature
range for high overshoot scenarios in the IPCC SR1.5
database (5–30 GtCO2 yr−1) [13, 14]. Avoiding net-
negative emissions sets this limit to 0 GtCO2 yr−1.
Unless stated otherwise, the end-of-century carbon
budget is set to 600 GtCO2, in line with a 1.5 ◦C target
[13] (median climate temperature estimate). Finally,
for damage costs, we use a stylised function that can
be scaled (using a damage coefficient) to mimic the
entire range from the DICE damage function [10] to
the long-run damage function from Burke et al [15],
with as default medium damage estimate, the meta-
model damage estimate from Howard et al [9]. For
baseline assumptions, we use the SSP2 scenario (cov-
ering medium estimates for GDP, population and
emission growth, see section 5).

The economically optimal emission paths and
associated macroeconomic costs of a scenario with
and without net negative emissions are shown in
figure 1. These results are created using a medium
mitigation cost level, medium damage function (i.e.
Howard Total, see section 5), medium TCRE and
the three PRTPs spanning the current literature
range: 0.1% yr−1, as used in the Stern review [16],
1.5% yr−1, as used in DICE-2007 and following ver-
sions [17], and 3% yr−1, as used in the original DICE
model [18].

In a scenario where net negative emissions are
avoided, strong emission reductions need to occur in
the first half of the century to stay within the car-
bon budget (figure 1(a); dotted versus solid lines). In
the scenarios that allow for net negative emissions,
somemitigation effort is delayed to the second half of
the century, reaching net zero around 2075 instead of
2050. While the net negative emissions have a higher
marginal cost, the fact that they occur later in com-
bination with discounting makes their use econom-
ically attractive. This also means that a lower PRTP
significantly reduces the amount of net negative emis-
sions, from469GtCO2 with a 3%PRTP to 115GtCO2

for 0.1% PRTP (figure 1(b); see also figure 1(a) for
time profile). This corresponds to a temperature over-
shoot of 0.29 ◦C and 0.07 ◦C respectively (similar res-
ults were found in previous studies [19]).

Avoiding net negative emissions leads to a reduc-
tion in damage costs varying from 10% to 34%,
caused by a combination of avoiding overshoot and
earliermitigation effort (figure 1(c)). Simultaneously,
the mitigation costs increase between 9% for low dis-
count rates and 37% for the highest discount rate
assumed, leading to an increase in total costs (sum
of damage and mitigation costs) of 5% to 14%. Both
damage andmitigation costs are calculated using their
net present value (NPV) (2020–2100) with a fixed 4%
social discount rate, regardless of their PRTP value
(see section 5).
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Figure 1. Difference in emission paths (a), (b) and costs (c) between a scenario with and without net negative emissions. These
results are calculated for medium mitigation cost, medium TCRE and medium damage function (Howard Total) settings. The
NPV of the damage and mitigation costs are calculated with a fixed discount rate of 4% yr−1, regardless of the PRTP used.

In otherwords, in all cases, allowing for someneg-
ative emissions is for medium parameters settings for
mitigation and damage costs, from an economic per-
spective, attractive (even if damages are accounted
for). The level of this preference, however, depends
on the discount rate.

An important aspect to consider is the timing of
mitigation effort and incurred damages. In figure 2,
we show the abatement costs and damage costs over
time. For medium parameter values, the peak of total
costs (abatement plus damage costs) occurs towards
the end of the century when allowing net negat-
ive emissions (2%, 5% and 8% of GDP for respect-
ively 2030, 2060 and 2090). When net negative emis-
sions are not allowed, the peak in total costs is much
earlier, albeit slightly lower (4%, 6.5% and 4% of
GDP for 2030, 2060 and 2090). Once the minimum
emission level is attained, the relative mitigation
costs decrease due to technological learning and the
increasing baseline GDP of SSP2. The correspond-
ing global carbon prices are shown in supplement-
ary figure 7 (available online at stacks.iop.org/ERL/
16/064071/mmedia) and reach a maximum of 800–
1000 USD/tCOwhen avoiding net negative emissions
and 810–1250 USD/tCOwhen net negative emissions

are allowed (as a comparison, the European Trading
System carbon prices are around 40 €/tCO2 in 2021).

Besides discounting, the assumed level of climate
damages plays an important role in determining the
economic attractiveness of net negative emissions as
well. In figure 2, we perform a sensitivity analysis on
the damage function (specifically, the damage coef-
ficient, see section 5). We use a low damage func-
tion (DICE, giving 2% GDP loss at 3 ◦C warming),
a medium one (Howard Total, 9% GDP loss at 3 ◦C)
and a high damage function (Burke LR, 22%GDP loss
at 3 ◦C). For the low damage function, the extra mit-
igation effort early in the century when avoiding net
negative emissions leads to much higher total costs
(19% to 29% increase in NPV of total costs). How-
ever, when the damage function is high, the early
emission reduction leads to significantly lower dam-
ages, making the total cost difference smaller.

For the Burke damage function with low PRTP,
the total costs areminimalwhennonet negative emis-
sions are used. For such a high damage function,
the economically optimal emission path is to reduce
as much as possible at any point in time. Allow-
ing net negative emissions allows for deeper reduc-
tions throughout the century, with corresponding
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Figure 2. Timing of abatement costs (light shade) and damage costs (dark shade) for scenarios without (yellow) and with (purple)
net negative emissions, as a percentage of GDP. The columns represent three levels of damage functions (low, medium and high),
the rows represent three values of the PRTP. The grey bars give relative change in NPV (2020–2100) of total costs (abatement plus
damage costs) when avoiding net negative emissions. The NPVs are calculated using a fixed social discount rate of 4% yr−1.
When this change is negative, the economic benefits of allowing net negative emissions only happen after 2100.

higher mitigation costs but lower damages. The effect
of these lower damages increases further after 2100.
Since in figure 2, we report the NPV from 2020 to
2100, but we optimise discounted utility until 2150,
it is possible to obtain higher total costs until 2100 in
a scenario with no net negative emissions than in a
scenario with negative emissions.

The damage function (specifically, the damage
coefficient, see section 5) and themitigation cost level
have an equally strong influence on the difference in
total costs. We perform a sensitivity analysis on these
three factors: PRTP, damage coefficient and mitiga-
tion cost level. For each combination of parameter
values, we run a scenario with and one without net
negative emissions and calculate the increase in total
costs between the two (supplementary figure 11). The
extra costs, from low mitigation costs to high mitiga-
tion costs, range from +0% to +24% (with medium
values for the other parameters). For damage cost
uncertainty, the extra costs range from+0% to+28%
from low damages (DICE) to high damages (Burke),
again with all other values medium.

Higher mitigation costs always lead to higher
additional costs of avoiding negative emissions, as
depicted by the differences between the panels in sup-
plementary figure 11. The impact of damage cost
uncertainty is similar to the impact of mitigation cost
uncertainty: the higher the damage coefficient, the

earlier the mitigation effort occurs to avoid high cli-
mate damages later in the century. Early abatement
action leads to a decrease in total net negative emis-
sions (supplementary figure 8). In fact, the emission
paths, and associated cost differences between allow-
ing and avoiding net negative emissions of a scenario
with low mitigation cost and medium damage func-
tion are very similar to a scenario withmediummitig-
ation costs and high damages. The total costs, relative
to GDP, are, of course, significantly higher in the lat-
ter scenarios.

Interesting interactions between these parameters
can be observed. First, the influence of damage costs
uncertainty on timing increaseswith lowermitigation
costs, simply because the relative importance of dam-
ages in total costs increases. As a result, in the case of
lowmitigation costs and high damages, avoiding neg-
ative emissions hardly leads to additional total costs.
The additional costs even become slightly negative,
as was already shown for high damages and low dis-
counting in figure 2, which is possible as utility until
2150 instead of total costs until 2100 is optimised. It
can also be noted that the impact of higher damage
estimates becomes non-linear for the combination of
low mitigation cost levels and low PRTP: in that case,
the optimal emission path stays significantly below
the set carbon budget (see supplementary figure 9).
For this set of parameters, a higher damage coefficient
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Figure 3. Effect of assuming partially irreversible damages. (a) The total amount of net negative emissions. (b) The cumulative
emissions from 2020 to 2100, as a function of the percentage of irreversible damages. The colours represent the PRTP, while the
dash/dot respectively the low and high damage function. All scenarios are run with a maximum damage target for 2100 derived
from a carbon budget of 600 GtCO2.

leads to more net negative emissions to keep climate-
related damages at a minimum.

The costs differences become significantly lower
when using a less stringent carbon budget. When
using a carbon budget reaching 2 ◦C instead of 1.5 ◦C,
avoiding net negative emissions only leads to extra
costs when mitigation costs are high, or damages low
(supplementary figure 18).

The effect of using the low or high instead of the
median value of the TCRE is only significant for high
damage coefficients. A high TCRE accentuates the
effect of climate impacts resulting in more negative
emissions if allowed in the scenario (supplementary
figure 8).

2. Partially irreversible climate damages

We have shown that if climate damages are revers-
ible, it is in most cases economically optimal to allow
some net negative emissions (and thus exceed the
peak budget). However, not all damages are likely to
be fully reversible.While climate impacts like reduced
yields, health impacts and extra energy consump-
tion for air conditioning are likely to be reversible,
disappearing glaciers, species extinction and biod-
iversity loss are clearly irreversible processes. For
other impacts, reversibility is more uncertain: while
sea-level rise could be considered an irreversible pro-
cess due to ice melting, the slow timescale at which it
occurs also makes it relatively insensitive to a limited
period of temperature overshoot.

Here, we investigate the consequences of assum-
ing that a share of the damages is irreversible. The
implementation details are discussed in SI 1.1. How-
ever, to properly assess the impact of (ir)reversibility
of climate impacts, the carbon budget constraint
must be changed. The reason is that the damages
(and thus the optimal pathways) do not depend any-
more on the cumulative net emissions. In fact, enfor-
cing a carbon budget goal could be so restrictive that
the model shows negative emissions even without

any reversibility, which does not make any economic
sense. We therefore translate the carbon budget to
a maximum damage target for 2100 (see section 5).
Such a maximum damage target inevitably depends
on the assumed damage function. The 600 GtCO2

carbon budget translates to maximum damage costs
in 2100 of respectively 0.25%, 1% and 2.7% of GDP
for the DICE, Howard Total and Burke (LR) damage
functions.

Figure 3(a) shows that the amount of econom-
ically optimal net negative emissions is strongly
dependent on the percentage of irreversible dam-
ages. For low discounting, net negative emissions are
almost entirely unattractivewhen 30%of damages are
irreversible. This happens at around 70% of irrevers-
ibility for medium discounting—but the use of net
negative emissions is already lower by a factor of 2 if
50% of damages are irreversible. For high discount-
ing, the irreversibility of damages only becomes sig-
nificant beyond a share of 50%.

As a consequence of the irreversibility of dam-
ages, net negative emissions need to be compensated
by extra mitigation effort to reach the maximum
damage target (figure 3(b)). When damages are
(almost) fully reversible, the cumulative emissions
are close to the original carbon budget from which
the damage target was derived, even when using a
high amount of net negative emissions (left part of
figure 3(b)). When damages are partially irreversible,
it becomes economically attractive to have some over-
shoot (155 GtCO2 for medium assumptions), even
at the cost of extra mitigation effort (85 GtCO2 for
medium assumptions, middle part of figure 3(b)).
When damages are even more irreversible, net neg-
ative emissions become less attractive, leading again
to cumulative emissions close to the original carbon
budget (right part of figure 3(b)).

An exception for this is the combination of high
damage function and low discounting (dotted blue
line in figure 3(b)): the damage target constraint is
not economically optimal anymore, resulting in lower
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cumulative emissions than prescribed by the max-
imum damage target.

3. Discussion

3.1. Time evolution of GDP
Avoiding an emission overshoot requires earlier mit-
igation effort, leading to increased total discounted
costs (figure 1(c)). This influences the GDP growth
path. As shown in supplementary figure 6, the mitig-
ation costs in 2030 are twice as high when avoiding
the overshoot, while the damages are still the same
with and without net negative emissions. By 2070, the
total costs (mitigation and damage costs) reach the
same level in both scenarios. At the end of the cen-
tury, the absolute GDP level of the scenario avoiding
overshoot is significantly higher since the mitigation
costs for the negative emissions start to increase after
2070. However, since we optimise on cumulative dis-
counted utility and not on final GDP, the overshoot
scenario is still economically favourable. Moreover,
since the net negative emission costs are assumed to
be phased out after 2100 to keep the same carbon
budget, the GDP paths of both scenarios will gradu-
ally converge.

3.2. Non-monetary aspects
In this paper, we only consider the macroeconomic
effects of different emission paths: the increased
monetary cost of climate policy (abatement costs)
and the reduction of climate change damage due
to earlier abatement effort. However, as mentioned
in the introduction, this does not include the extra
pressure on ecosystems and biodiversity due to the
increased use of land-use related negative emission
options such as BECCS and afforestation [3, 7, 8],
the massive logistical and political bottlenecks asso-
ciated with upscaling negative emission technology
[20, 21], or the risks of non-performance at any point
in the future. While it seems that some amount of
negative emissions can be achieved without toomany
negative side effects [3] (or that some technologies,
like afforestation and soil carbon management, could
even have some co-benefits), the negative other con-
sequences should still be weighed against the eco-
nomic results presented in this paper.

3.3. Reversibility of climate damages
We have shown that the amount of net negative emis-
sions is strongly dependent on the extent to which
climate damages are reversible. However, ‘reversib-
ility’ in climate change is a broad concept. In the
literature on reversibility and climate change, three
distinct effects are described, mostly independently
of each other. First, climate reversibility, describ-
ing how temperature behaves under decreasing con-
centrations of atmospheric CO2. Second, the impact

reversibility, which analyses how, and if climate dam-
ages decrease when temperature decreases. Third, the
economic persistence, which treats the long term eco-
nomic effects of a shock due to climate change.

Regarding the first topic of climate reversibility,
our model assumes that temperature is directly pro-
portional to cumulative emissions. Previous research
has shown [22–24] that the assumption of fixed tem-
perature/concentration relation might not fully hold:
under decreasing atmospheric CO2 concentrations,
temperature decreases at a slower rate thanwhen con-
centrations are rising. The impact is relatively small
for a relatively small overshoot and the discrepancy
with our modelling method, which focuses on the
reversibility of damages is expected to be small.

The second concept, impact reversibility, is what
we consider in this paper as irreversible climate
damages. As already described, due to irreversible
processes in biodiversity loss, melting glaciers and
socio-economic tipping points, not all damages will
decrease when temperature decreases.

The third concept is economic persistency.
Empirical economic research has shown that cli-
mate change does not only induce direct monetary
losses (like destroyed real estate after a flood) but also
impacts economic growth [15, 25, 26]. The latter has
a much longer-term effect. This paper considers this
indirectly by using the Burke et al [15] damage func-
tion at the high end of our sensitivity range on cli-
mate damages. While we have translated the growth
effects of Burke et al to a direct temperature–GDP
loss relation (therefore not affecting growth rate), the
underlying calibration still uses growth impacts (see
section 5).

While the second and third concepts (impact
reversibility and economic persistence) might be
related, the exact relationship is still unclear. In fact,
economic persistence also happens when temperat-
ures are increasing, whereas impact reversibility is
only relevant for decreasing temperatures.

3.4. Comparison to other literature
The increased mitigation costs when avoiding net
negative emissions have already been assessed by Hil-
aire et al [6] They analysed recent IAM mitigation
scenarios reaching 1.5 ◦C and 2 ◦Cwith varying levels
of negative emissions. For the 1.5 ◦C target, mitiga-
tion costs go from 2.26% of GDP for unconstrained
BECCS to 4.1% of GDP with limited BECCS (both
cost values areNPV 2010–2100, 5% yr−1), an increase
of over 80%. In this study, we find an increase in
mitigation costs of 9% to 37% for medium para-
meter values. This large discrepancy comes from two
reasons. First, we calculate the NPV using a smal-
ler discount rate of 4% instead of 5%, giving more
weight to future generations (if we used 5%, the cost
increase would be up to 53% for medium values).
Second, and most importantly, we take damages into
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account when calculating the economically optimal
emission trajectory, whereas most traditional IAMs
under carbon budget calculate the cost-effective path,
ignoring climate damages.

4. Conclusions and implications

Our results suggest that economically, some form of
overshoot is attractive, even when considering the
extra damages in the optimisation process. The choice
to avoid negative emissions, and thereby interpreting
the Paris Agreement target as a ‘no overshoot’ tar-
get will lead to a sum of abatement costs and dam-
age costs that is around 13% higher than without
the restriction when using a PRTP of 1.5% and the
medium damage function. Still, the cost differences
aremuch smaller if mitigation costs are assumed to be
relatively small (compared to the literature median),
damages high, or when a low discount rate is used.
Moreover, assuming that climate damages are not
fully reversible significantly reduces the attractive-
ness of net negative emissions. Assuming that 50%
of damages are irreversible leads to 50% lower total
net negative emissions, since extra mitigation effort
is required to reach the same maximum damage tar-
get when using net negative emissions. Under a wide
range of assumptions on damages, mitigation costs,
time preference, reversibility of damages, we find that
the attractiveness of negative emissions is much lower
than often shown in scenarios based on optimisation
of mitigation costs only.

5. Methods

In this paper, we use a simple and transparent IAM
described in detail in the SI. The model is similar to
DICE [10]. Gross GDP is calculated using a produc-
tion function based on technological progress (TFP),
capital and population. The mitigation costs and the
damage costs resulting from climate change impacts
are subtracted from the gross GDP. The net GDP
is divided in a fixed part (21%) of investments and
the rest to consumption. The model maximises the
total discounted per capita utility, which is a con-
cave increasing function of per capita consumption.
Greenhouse gas emissions are calculated by multiply-
ing economic activity with an emission factor.

Each timestep, the emissions are added to the
cumulative emissions. The cumulative CO2 causes
a change in global mean temperature, modelled
through the instantaneous and linear TCRE relation
[11]. This relation includes a linear relation between
non-CO2 and CO2 emissions. The global mean tem-
perature, in turn, determines the damage costs. In
response, the model can determine to mitigate emis-
sions. The mitigation level (or equivalently the car-
bon price) over time is determined bymaximising the

NPV of utility. The mitigation costs are subtracted
from investments and consumption.

5.1. Calibration
The parameters are as much as possible calibrated
against existing literature. Population, baseline emis-
sion intensity and TFP are exogenous and calib-
rated to match the growth rates of the shared socio-
economic pathways (SSPs) [27]. We use the SSP2
(‘Middle of the Road’) scenario which has medium
assumptions about population growth, emissions,
GDP, technological growth and lifestyle. For details,
see Riahi et al [27] and for the exact implementation
in our model see SI 1.2.

Emission reductions are quantified through a
quadratic marginal abatement cost (MAC) curve.
The area under the MAC gives the mitigation costs.
The resultingmitigation costs are calibrated using the
consumption loss range of the 5th Assessment Report
of the IPCC [1]. To consider the wide range in mitig-
ation costs, we perform a quantile regression on the
AR5 data points to the 5th, 50th and 95th percent-
iles to represent the low, medium and high end of the
mitigation cost range. The 5th percentile leads tomit-
igation costs 2.5 times smaller than the median costs,
the 95th percentile 2.5 times larger.

The damage function is defined as a quadratic
function of global mean temperature T:

D(T) = c ·T 2,

whereD(T) is the fraction of GDP loss due to climate
impacts. The damage coefficient c is calibrated to cap-
ture the full literature range.

At the low end, we choose the DICE-2013R dam-
age function [10] with c= 0.00267. The medium
estimate is based on the results from a meta-analysis
of literature damage functions by Howard et al [9],
with a damage coefficient of c= 0.01004. The high
end of the range is parametrised by the long-run
empirical damage from Burke, Hsiang and Miguel
[15]. While their damage estimates are quantified as
impacts on growth rates and not directly on GDP, we
use the iterative strategy from recent literature [28]
to create a damage function usable by IAMs like our
model. The idea of this method is to calculate which
direct GDP losses would result in the same GDP path
as whenBurke’s growth impacts are used. Iteratively, a
damage curve (as function of temperature change) is
created giving the same damages as the growth impact
definition [29]. A quadratic function is then fitted to
the resulting approximation (R2 = 0.99), leading to
c= 0.02835, about ten times higher than the DICE
damage function.

The utility discount rate, called throughout this
paper the PRTP, is chosen to be 0.1% yr−1, as used
in the Stern review [16], 1.5% yr−1 and 3% yr−1, as
used in DICE-1999, DICE-2007 and following ver-
sions [17, 30]. The elasticity of marginal utility is
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1.001. The combination of PRTP and elasticity of
marginal utility are in line with the expert elicitation
by Drupp et al [31].

The minimum yearly emission level in the scen-
arios without net negative emissions, is, by defini-
tion, set at 0 GtCO2. The potential for net negative
emissions is limited by biophysical, technical, eco-
nomic and sustainability constraints. In the literat-
ure a wide range of values for the contribution of net
negative emissions can be found, ranging from 0 to
more than 40 GtCO2 yr−1. For instance, Fuss et al
[3] estimated amaximum sustainable supply of about
5 GtCO2 yr−1 for individual CDR options in 2050—
but the combination of these options could be higher,
while Hanssen et al [12] showed a maximum poten-
tial of 40 GtCO2 yr−1 in 2100. The literature range
for 1.5 ◦C scenarios in the IPCC Special Report on
1.5 ◦C is around 5 GtCO2 to 30 GtCO2 yr−1 for over-
shoot scenarios.Here, we limit the contribution of net
negative emissions to a maximum of 20 GtCO2 yr−1.
Moreover, to account for technological and political
inertia, we assume that the emissions cannot be mit-
igated faster than 2.2 GtCO2 yr−1 (based on the max-
imum reduction speed of the IPCC 1.5 ◦C database
[14]) for each scenario. Finally, from the year 2100
onwards, the cumulative emissions from 2020 can-
not exceed a carbon budget. Unless stated otherwise,
the carbon budget is set to 600 GtCO2, in line with a
1.5 ◦C target [13].

Finally, the TCRE determines the increase in
global mean temperature per unit of extra CO2 emis-
sions [11]. Using themethod from vanVuuren (2020)
[32], the TCRE used here is calibrated to key results
from theWorking Group I from the IPCCAR5 report
[33]. In this paper, three values are considered, cor-
responding to the uncertainty range’s 5th, 50th and
95th percentile. Unless mentioned differently, we use
the median value for the TCRE, equal to 0.62 ◦C per
1000 GtCO2.

The percentage of climate damages which is irre-
versible has, to the best of our knowledge, not been
fully estimated in current literature. While several
studies have shown that impacts like decreased pre-
cipitation [34] and sea level rise [35, 36] can continue
to increase after atmospheric CO2 concentrations
have stabilised, there is notoriously less literature
quantifying how these impacts behave when emis-
sions become net negative. For this reason, we cover
the full range from 0% (fully reversible) to 100%
(fully irreversible), even though neither of these
extremes is realistic.

5.2. Cost comparison
The abatement and damage costs in this paper are
presented as NPV relative to baseline GDP:

relative costs=
NPV(abat. costs)

NPV(baseline GDP)

and similar for the damage costs, where NPV is
calculated as discounted sum until timestep T:

NPV(x) =
T∑

t=0

e−rt (x(t)) .

A fixed social discount rate of 4% yr−1 is used,
in line with our medium PRTP value and elasticity of
marginal utility (see SI 1.2). In order to compare the
macroeconomic costs of a scenario with and without
net negative emissions, the ratio of their NPV GDP
losses are calculated:

cost diff.=
relative costswith net negs
relative costswithout

− 1.
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