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Abstract Integrated assessment models (IAMs) of climate and the economy provide estimates of
the social cost of carbon and inform climate policy. With the Nested Inequalities Climate Economy
model (NICE) (Dennig et al. PNAS 112:15,827-15,832, 2015), which is based on Nordhaus’s
Regional Integrated Model of Climate and the Economy (RICE), but also includes inequalities
within regions, we investigate the comparative importance of several factors—namely, time
preference, inequality aversion, intraregional inequalities in the distribution of both damage and
mitigation cost and the damage function. We do so by computing optimal carbon price trajectories
that arise from the wide variety of combinations that are possible given the prevailing range of
disagreement over each factor. This provides answers to a number of questions, including Thomas
Schelling’s conjecture that properly accounting for inequalities could lead the inequality aversion
parameter to have an effect opposite to what is suggested by the Ramsey equation.

1 Introduction
Models of optimal economic responses to climate change are contingent on highly uncertain

estimates, including about the future societies with which climate will interact. Nevertheless,
incomplete estimates exist, and when put into integrated assessment models (IAMs), they
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serve to provide some guidance on the extent of effort society should dedicate to this problem
(Stern 2006; Nordhaus 2010; Nordhaus and Sztorc 2013; Tol 1996, 2009).

There is no consensus that a high mitigation effort is warranted, but there are several
instances of such recommendations by researchers using these models—most notably the
Stern Review, which computes a high social cost of carbon based on very low discount rates
(Stern 2006; Hope 2008; Nordhaus 2007). Other researchers provide a similar sense of
urgency based on other features, such as the possibility of catastrophic damages (Weitzman
2009, 2012; Dietz and Stern 2015), the possibility that climate damages will disproportionately
harm the poor within countries (Dennig et al. 2015), price effects (Sterner and Persson 2008)
and damages affecting growth rates (Moore and Diaz 2015; Dietz and Stern 2015). Ackerman
and Stanton (2012) combine variations about the discount rate, climate sensitivity and
damages and obtain a wide range of carbon prices with the DICE model.

In this paper, we investigate the interactions between several of these individually important
factors by providing a systematic study of the comparative importance for optimal mitigation
of inequality aversion, time preference, catastrophic damages and intragenerational distribution
of damages and abatement costs. While a longer list of factors could be drawn, this selection
enables us to make two main points. First, the direction by which inequality aversion
influences optimal mitigation depends on the distribution of mitigation cost and damages
within countries and the time preference parameter. Second, the distribution of mitigation costs
and damages is of prime importance for optimal mitigation, whereas catastrophes become
relevant only when inequalities are a low concern. Our investigation of these issues is made
possible by further development of the Nested Inequalities Climate Economy (NICE) model
(Dennig et al. 2015), which is based on Nordhaus’s Regional Integrated Model of Climate and
the Economy (RICE 2010) (Nordhaus 2010), but also includes mechanisms to represent
inequalities within regions and countries that are not included in RICE or in other existing
climate-economy [AMs.

Our first point about the importance of the distribution of damages and mitigation cost
relates to Thomas Schelling’s conjecture that properly accounting for inequalities within
generations could lead the inequality aversion parameter to have an effect opposite to what
is suggested by the Ramsey equation (Schelling 1995).! In the paper, we elaborate this
conjecture and explain how NICE allows us to evaluate it. We then show that this Schelling
Reversal can indeed occur but only under particular conditions combining regressive distri-
bution of damages or progressive distribution of abatement costs, and sufficient discounting.
The first two conditions result in the poorest in the future being overwhelming beneficiaries of
mitigation, while the poorest today are shielded from the lion’s share of mitigation cost. But
even in such cases, if there is high discounting, there are still large climate damages in the
future. As a result, under those conditions, as inequality aversion increases, optimal mitigation
increases to protect the future poor from those damages. Under low discounting, there is very
high mitigation, to the point where most damages are avoided. As a result, with low
discounting, as inequality aversion increases, optimal mitigation decreases to protect the

! A related conjecture from Schelling is investigated by Anthoff and Tol (2012)—namely, that the best defence
for poor societies against climate change impacts might be to develop quickly, rather than to control greenhouse
gas emissions. Our results here shed additional light on this and other important questions framed and partially
answered by Anthoff and Tol. Our results here indicate that proper representation of subregional inequalities is
crucial to answering such questions—which supports Anthoff and Tol’s idea that answering such questions
requires taking into account important heterogeneities (p. 271) and echoes Anthoff et al.’s (2009) plea to
introduce intra-national inequalities in the future research.
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present (relatively poor) generation, as implied by the Ramsey equation. At intermediate levels
of discounting, these two effects balance out, and inequality aversion has a small effect on
optimal carbon prices.

After illustrating the importance for optimal mitigation of within-region inequalities and the
interaction of mitigation costs and damages with this distribution, we contrast it to the effect
catastrophic aggregate damages on optimal mitigation. We compare the RICE model’s qua-
dratic damage functions with specifications with convexities that wipe out half of GDP
respectively at 6 °C and at 4 °C of warming above pre-industrial levels. The former is the
damage function Weitzman (2012) proposes to model low probability extreme events. We
consider these extreme damages under certainty. We find that even if such damages occur with
certainty, the difference in optimal prices across the three specifications is smaller than for
varying the sub-regional distribution of mitigation cost or damage over a credible range. This
is the case, as long as the inequality aversion parameter is greater than unity, on which most
such studies agree (see Evans (2005) for estimates from OECD countries and Dasgupta (2008)
for a theoretical overview). In fact, when the distribution of damage hurts the poor, the
specifications with catastrophic damage barely affect the optimal price at all. This is because
an unequal damage distribution induces a social catastrophe by hurting the poor, which is
optimally avoided. In avoiding it, the high temperatures at which the aggregate catastrophe
kicks in are avoided as well, making the high damage at those temperatures irrelevant to the
optimum.

Inequalities in the distribution of damage and mitigation cost have already been studied in
the IAM literature, but in a less fine-grained way. Shortly after Schelling stated his conjecture,
Azar and Sterner (1996) considered the first inequality averse climate-economy [AM.
Fankhauser et al. (1997) perform a similar analysis in a multi-region model. Tol (2001)
calculates optimal carbon prices in the Climate Framework for Uncertainty, Negotiation and
Distribution (FUND) model with an inequality averse welfare function. Hope (2008) uses
equity weights in the PAGE2002 model to calculate the social cost of carbon. Anthoff et al.
(2009) apply equity weighting to the FUND model to calculate the social cost of carbon for a
variety of scenarios. They take account of intercountry inequalities within the regions of
FUND, assuming that regional damages are distributed among countries in proportion to
population. Dennig (2013) implements RICE without Negishi weights and compares the
results for two different social objectives, one with and one without spatial inequality aversion.
Anthoff and Emmerling (2016) do the same in the FUND model, introducing intercountry
inequalities.

In contrast, this paper relies on a model with inequalities within regions and countries in
which the distribution of mitigation cost and damages can be varied, enabling us in particular
to study the Schelling Reversal and the relative importance of catastrophes and distributional
catastrophes as described above.

2 The Schelling Reversal and NICE

In spite of the arguments for urgent mitigation noted in the previous section, there remains a
persistent view among some economists that there is scant cause for concern. For example, a
meta-analysis of the literature on climate damages (Tol 2009) estimates an economic damage
0f 0.7% of GDP at 2.5 °C warming. If this is read against a background of growth of GDP at
more than 1% per year, it may seem that worrying about the future generations impacted by
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climate change is not worth the effort—akin to asking Mexico to transfer resources to help a
drought-stricken California.

More generally, the growth rate assumed in leading [AMs generates substantial inequalities
between generations, as the assumed growth rates and damage functions imply that future
generations will grow richer and richer even under business as usual (Dennig et al. 2015;
Anthoff et al. 2009). As a result, the optimal amount of mitigation effort depends very much on
two parameters in the social objective of these models: first, the rate at which future
generations are discounted simply because they are in the future, which is represented by
the rate of pure time preference p and, second, the relative priority of the poor and the rich,
which is represented by the inequality aversion parameter ) (i.e. the consumption elasticity of
marginal utility). These parameters are grounded by some authors on ethical considerations
and by others on observed savings rates coupled with very strong assumptions about savings
behaviour. But the common result suggested by the Ramsey equation is that increasing either
one of these parameters delays mitigation. That is because the Ramsey equation states that the
discount rate on costs and benefits (as measured in dollars) is given by

discount rate = p+nx g

where g is the average growth rate of consumption between now and the discounted period.
This equation suggests that a greater value for either p or n will raise the discount rate on
consumption and therefore delay mitigation, given the positive growth rate assumed by these
models.

However, if inequalities within generations were taken into account, it is no longer obvious
that increasing inequality aversion must have the effect of delaying mitigation that is suggested
by the Ramsey equation and commonly assumed in the literature. In particular, Schelling
(1995, p. 400) provocatively noted that “once we disaggregate the world’s population by
income level, it becomes logically absurd to ignore present needs and concentrate on the later
decades of the coming century,” but also that mitigation policy amounts to implementing
“transfers [that] will be from the currently rich to the descendants of the currently poor, who
will, when the benefits begin to be felt, be much less poor than they are now but still poorer
than the descendants of the currently rich and probably still significantly poorer than the
abatement-financing countries are now” (p. 399). So, on the one hand, properly representing
inequalities reinforces the salience of current needs and may recommend a shift of focus from
mitigation to adaptation. But the second quote suggests that an important factor that pulls in
the opposite direction is the relative wealth of those who pay for the effort and those who
benefit from a preserved climate.

Schelling’s remarks suggest a pressing question: in spite of the presumption that future
generations will be on average richer than the present generation, could it be true that the
more one dislikes inequalities and cares for the disadvantaged, the more mitigation one should
want to see? In other words, in spite of the fact that aggregate growth together with the
Ramsey equation suggests that increasing inequality aversion would delay mitigation, could it
be true that when inequalities are properly accounted for, increasing inequality aversion
actually implies faster mitigation?

2 It is in particular noteworthy that Stern had to choose a low degree of inequality aversion in order to obtain a
low discount rate and to recommend an aggressive mitigation policy, whereas Nordhaus adopted a more standard
inequality aversion parameter (and higher discount rate) and obtained much more lenient conclusions. On the use
of discount rates in policy, see the recent synthesis in Groom and Hepburn (2017).
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In order to evaluate Schelling’s conjecture that the answer to these questions might be
different than suggested by the Ramsey equation, as well to answer other pressing questions
about climate and inequality, we have developed a modification of the widely used RICE
model, which we call NICE model. As we describe in detail below, NICE incorporates a fuller
description of inequalities by income quintile in the distribution of income, damages and
mitigation cost within each global region. Schelling’s ideas could be studied with RICE, since
inequalities between regions are important and may potentially influence the impact of
changing the inequality aversion parameter on the optimal carbon price. However, such
inequalities are only one part of the global inequalities within generations, and a fuller study
is possible with a more comprehensive depiction of inequalities. With NICE, as explained
below, we can actually analyse the possibility of the Schelling Reversal when focusing on
inequalities between regions and identify whether inequalities within regions are a crucial
element in the reversal as well.

A more detailed description of the model is provided in the online supplement. Here, we
describe the essential features necessary to understand the following discussion. The social
welfare function is a time-discounted and separable constant elasticity function with popula-
tion weights:

Lis .1.;”
1, )
W(Cijt) = Zy‘le ijp)t lj—n (1)

C

where W denotes social welfare, L population, ¢ per capita consumption, p the rate of pure time
preference and 7 the coefficient of inequality aversion (elasticity of marginal utility).> The
subscripts i, , and ¢ are the region, quintile and time indices respectively. It is clear from this
specification that raising inequality aversion leads to a lower valuation of damages and
mitigation costs when they fall on richer groups of individuals than if they fall on poorer
groups, whether they are separated in time or contemporancous.* We solve the model by
maximising the objective function (1).”

Most of the equations of motion are inherited from RICE. The main difference is that in
NICE, regional consumption is split into five quintile shares. This is done by aggregating
country income distribution data for all countries in a region (obtained from World Bank 2014)
up to a regional income distribution and computing the current quintile shares for every region.
We assume that within each region, pre-mitigation cost and pre-damage consumption are
distributed according to this distribution and that this distribution remains constant across
time.°

Damage and abatement costs are costs to GDP and are inherited from the RICE model. This
results in impacts on regional investment and consumption. In order to attribute these regional

3 Ignoring the discount rate, the social objective (1) considers that a population at half the consumption level of
another should receive a greater priority by a factor of 2" for small increments to consumption (e.g. a value of
1 = 1 means that providing $1 to the poorer population is as good as providing $2 to the less poor population).
“ In this model, environmental services are not separated from consumption. Hoel and Sterner (2007) and Sterner
and Persson (2008) show that distinguishing the two types of goods may make quite a difference, if the elasticity
of substitution between consumption and environmental services is low. We leave this issue for future research.
5 The maximisation of this objective results in the welfare optimal, rather than non-cooperative solution.
Furthermore, we do not use Negishi weights.

© We have not considered changes in this distribution over time. Qualitatively, it is clear that if this distribution
equalises over time, our results become more similar to those of the RICE model, while if the distribution
becomes less equal over time, the divergence between our results and the RICE model becomes more important.
We leave the quantitative analysis of such scenarios to future work.
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consumption costs to sub-regional quintiles, we assume that the regional total is distributed
according to constant elasticity functions with elasticities £, for damage, and w for mitigation
cost (see Egs. (2) to (6) in the online supplement). For £ = 1, regional damages are distributed
proportionally to consumption, for £ = — 1, inversely proportionally. For w = 0, abatement costs
fall in equal amounts on rich and poor quintiles; for w = 2, they fall much more on the rich.
These elasticities apply to the distribution of damage and mitigation cost within regions, while
the total amount of regional damage and mitigation cost are determined with the regional
aggregate functions from RICE.

To further illustrate the meaning of ¢ and w, consider a ‘regional economy’ comprised
of two (equally populous) consumption groups A and B, with A consuming USD4000
and B USD40000 a year. If this region suffers 5% damage from climate change, they
jointly lose USD2200. If ¢ = 1, A loses 200 and B loses 2000. If £ = 0, both A and B lose
1100. If £ = — 1, A loses 2000 and B loses 200. B goes from losing 5 to 2.75 to 0.5%,
while A goes from losing 5 to 27.5 to 50% of pre-damage consumption. If the same
region experiences a 2.5% abatement cost from climate change mitigation activities, then
that total joint cost to groups A and B is USD1100. If w = 0, both A and B pay 550. If
w =1, A pays 100 and B pays 1000. If w = 2, A pays 10.9 and B pays 1089.1. A goes
from paying 13.75 to 2.5 to 0.3%, and B goes from paying 1.38 to 2.5 to 2.7% of
pre-mitigation cost consumption. In this way, the values of ¢ and w affect only the
distribution of damage and mitigation cost within a region, and not the total amount of
regional damage and regional mitigation cost.

The distribution of damages, and thus the value of ¢, depends on where and how the climate
changes and modifies the ecosystem at a sub-regional level, on how vulnerable the populations
are given the organisation of the economy and the infrastructure set-up, and on policy
response.’ The value of ¢ has not received much scrutiny so far in the empirical literature,
perhaps partly due to the fact that the importance of this parameter has not previously been
demonstrated. However, many studies argue that the poor will disproportionately suffer from
climate change (Oppenheimer et al. 2014; Mendelsohn et al. 2006, 2011; Leichenko and
O’Brien 2008; Kates 2000; Cutter et al. 2003), meaning that £ is likely to be less than 1 and
might even be negative (in particular in the case of health and mortality impacts). We consider
that a relevant range for £ in the present investigation is from — 1 to + 1.

The distribution of mitigation cost, and thus the value of w, is even more dependent on
policy decisions. Several studies (Bacon et al. 2010; Daioglou et al. 2012; Riahi et al. 2012;
Krey 2014) analyse the share of energy in household expenditures and conclude that an
increase in energy prices will hit the poor more than proportionally in the absence of
compensatory measures, at least in developed nations.® This suggests a value of w less than
1 for a carbon tax alone with no compensatory measures. Several other studies (Cullenward
et al. 2014; Metcalf 2009; Sterner 2012; Williams et al. 2014; Wilkerson et al. 2015) not only
agree with the studies just cited but also conclude that if an increase in energy prices is
combined with compensatory measures, it need not disproportionately hit the poor and could

7 Note that the measurement of damages itself has both empirical and ethical dimensions: valuing losses to
different parts of the income distribution in the wake of climate change depends both on relatively objective data
on property damage, capital losses, etc., and the more ethically challenging questions regarding valuation of loss
of life, health and livelihood.

8 The papers in Sterner (2012) suggest that even without compensatory measures, a carbon tax in developing
nations might not be regressive.
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even make all but the highest quintile net beneficiaries—for example, if the compensatory
measures involve equal per capita redistribution of the revenues from a carbon tax.’ In light of
this, we consider that a relevant range for w is from 0 to 2, the latter value being obtained when
the cost is borne more heavily by the rich.

In other work (Dennig et al. 2015), we show that the value of ¢ is of great importance to
climate policy. For example, when damages are distributed inversely proportionally to income,
optimal mitigation effort under the discounting and inequality aversion assumptions of
Nordhaus (2007) is equivalent to optimal mitigation in the more aggregated RICE model
under the much lower discounting and inequality aversion assumptions of the Stern Review
(Stern 2006). At the same time, when £ = w = 1, inequalities within regions are fixed and are
not influenced by climate change and abatement efforts. In this case, NICE produces optimal
policies that are very close to those found in RICE, enabling us to obtain a good approximation
of the results one would obtain with RICE in our analysis. The results of these £ = w = 1 model
runs show that the mere representation of consumption inequalities within regions does not
substantially alter the mitigation recommendations if damages and mitigation cost are propor-
tional to consumption.

Another way in which the poor can be spared of some of the mitigation effort is by allowing
different carbon prices in the different regions of the world, letting the less developed mitigate
to a lesser extent than required under a uniform global carbon price (Anthoff 2009). In this
paper, we do not explore this option and leave it for a companion paper in which we compare
the relative importance of the within and between-region allocation of the abatement costs
(Budolfson and Dennig forthcoming). As mentioned in footnote 5, we also ignore the
possibility that inequality within countries could evolve in the future due to economic and
policy factors and assume that it remains fixed, absent damages and abatement costs. There are
reasons to believe that the distribution within countries could go either way in the future, and
we leave this issue for future research.

In order to compare the quantitative importance of the distribution of income, mitigation
costs and damage within regions to the importance of greater aggregate economic shocks that
have been discussed prominently in the literature, we also test sensitivity to modifications of
the damage functions. Following Weitzman (2012) and Dietz and Stern (2015) we consider
adding a higher order temperature term (to the power of 7) to the standard quadratic damage
function of the RICE model. For the ‘Weitzman’ specification, the coefficient on the higher
order term is chosen so that half of GDP is wiped out by climate damages when temperatures
reach 6 °C above pre-industrial levels. For the ‘Dietz-Stern’ specification, the coefficient is
chosen so that half of GDP is already wiped out at a temperature increase of 4 °C above pre-
industrial. For comparison, for the median region, the RICE damages yield approximately 4
and 8% GDP losses at 4 and 6 °C respectively.'’

As in RICE, there is no uncertainty in our model. Instead, we consider the possibility of
such strong convexities in damage with certainty and analyse the sensitivity of the optimal
carbon price to the different specifications.

° As a consequence, progressive compensatory measures can also arguably improve the political feasibility of
carbon taxes, at least as measured by percentage of voters who are net beneficiaries of the policy.

1% The damage of the median region is computed as the mean of the damages of the regions with the sixth and
seventh greatest damages (out of 12 regions). At 4°, these are ‘OECD Europe’ and ‘other non-OECD Asia’, and
at 6°, these are “Middle East’ and ‘other non-OECD Asia’. The region with the maximum damage is ‘China’ at 4°
with 7% and ‘China’ at 6° with 14%.
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3 Results
3.1 The distribution of sub-regional costs and benefits, and the Schelling Reversal

The main innovation in NICE is the more detailed description of intragenerational inequality
and the possible ways in which damages and mitigation costs may affect it. Notice that the
specification (1), via the inequality aversion parameter 7, picks up on inequality in a similar
way, whether it is across time or across space.

Here, we find that whether the optimal carbon price increases or decreases with inequality
aversion depends on whether the intergenerational or intragenerational inequalities dominate
the evaluation. The balance depends on a variety of factors, which we illustrate by plotting
several panels with optimal prices for values of the elasticity n € {0, 1, 2, 3} within each panel.

In Fig. 1, we plot five such panels for different values of the mitigation cost and damage
elasticities of income and a rate of pure time preference of p=2%. The figure also plots the
backstop price, which all price paths eventually join at the date of full mitigation. This is the
carbon price at which zero emission technologies are assumed to be competitive with fossil
fuels, thereby displacing their use completely.

At zero inequality aversion (n=0), the optimal price is the same across panels and high
($233/tC in 2015) relative to commonly computed values with [AMs (e.g. Nordhaus 2010). It
is high because future damages are not discounted relative to current costs on account of future
generations being richer. It is the same across panels because with such social preferences, the
distribution of costs and benefits does not matter, so the values taken by ¢ and w are irrelevant
to the optimal price. In Dennig et al. (2015), we showed that when 7 = 2, different assumptions
about the distribution of damage resulted in very different optimal carbon prices. Here, we

=29%".,=0: £= =2%: =" £=i =204 ,=2" £=|
1200 252107020 1200 p=2%;w=1; €20 1200 p=2%;=2;£=0
900 900
600 - Backstop 600
G 900t 1
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(Y —— 2 0
2000 2050 2100 2150 2 600 2000 2050 2100 2150
s |
=2 u=1" £= 2 =20 =1 £=-
TP J— U 5 1200 p=2%;w=1; ¢=-1
@
900 £ 900
S 300f
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300 ’ 300
(P 0 0
2000 2050 2100 2150 2000 2050 2100 2150 2000 2050 2100 2150
year year year

Fig. 1 Optimal carbon price paths for different values of 7 under five different assumptions for the distribution of
mitigation costs and climate damage within regions, all with p = 2% and the RICE damage functions. The central
assumption (of the middle panel) is that mitigation cost is distributed proportionally to income and climate
damage is independent of income (w = 1 and £ = 0). Around that assumption, we consider a greater and a lower
income elasticity of mitigation cost (first row) and a lower and greater income elasticity of damage (second row).
Note two things: first, over the chosen parameter ranges, decreasing the mitigation elasticity and increasing the
damage elasticity by + 1 have a quantitatively similar effect, which is quantitatively important for all values of
1 > 1. Second, in the lefimost column, increasing inequality aversion leads to lower optimal mitigation of the
implication of the Ramsey equation, while the middle and rightmost column exhibit a reversal of that relation-
ship. The line corresponding to 7 = 0 is not just similar, but theoretically identical across panels. This assists the
comparison across panels
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establish (by comparing lines of the same colour across panels) that this is true for a range of
values of 1 and equally true for the distribution of mitigation cost. The greater 7, the more
important it is to get the correct value of the elasticity parameters ¢ and w."'

Increasing inequality aversion results in lower optimal prices in the two panels in the left
column. These are the circumstances under which the current poor are more prominent in the
evaluation, and thus, the familiar logic of the Ramsey equation applies. This is when the
distribution of mitigation costs is more regressive (top row) or when the distribution of damage
is more progressive (bottom row). In the first case, less mitigation strongly benefits the current
generations’ poorest, so more concern for the poor reduces optimal mitigation. In the second
case, more mitigation benefits the future rich more than the poor, so more inequality aversion
again favours the current poor inducing less mitigation.

The opposite is true in the rightmost column. Here, the future rather than the present poor
dominate the evaluation, and the Ramsey equation is upended, as Schelling conjectured might
happen. In the top row, mitigation costs are borne largely by the current rich. This shields the
current poor from increases in mitigation, making greater inequality aversion result in higher
optimal prices.'* In the bottom row, future damages are borne predominantly by the poor
rather than the rich. Greater inequality aversion therefore increases optimal carbon prices to
protect them, even if on aggregate the future is much richer. This verifies Schelling’s
conjecture that a reversal of the effect of inequality aversion is possible once sub-regional
inequalities are properly represented.

Under the central assumption in the middle panel, the balance favours greater carbon prices
at higher inequality aversion in the future, but an opposite (small) effect for present prices. This
highlights that there is also a dynamic component to the interaction between the distribution of
costs and benefits and inequality aversion. Relative to the left column, the price paths become
steeper with greater inequality aversion. Under those assumptions, greater inequality aversion
results in a present reduction in mitigation effort because it improves the situation of the
current poor. However, as economic growth increases the living standard of the poorest in the
near future, the optimal price increases rapidly if inequality aversion is high. In the supple-
mental material, we produce companion figures to Fig. 1 showing the same panels for lower
rates of time preference. As is well documented in the literature, lower discount rates imply
higher optimal prices (see Nordhaus 2007; Weitzman 2007; Dasgupta 2008). In many cases,
time preference does not interact with inequality. But for p = 0%, for example, we find that the
Schelling Reversal does not take place: all panels have optimal prices that decrease with 7.
This is because of a level effect. At such a low discount rate, the optimal prices are already so
high that the most important damages are avoided. The optimum is already skewed in favour
of the future, so increasing inequality aversion is more sensitive to the present poor, irrespec-
tive of the distribution of costs and damages. When p= 1%, we have an intermediate case
where the effects balance out and the optimal price is not particularly sensitive to 7.

Altogether, these results reveal the supreme importance of the distribution in income,
damages and mitigation costs in the determination of the optimal carbon price. They confirm
that Schelling’s Reversal can occur and that this depends in an intuitive way on the distribution
of damages and mitigation costs within regions: the more the poor stand to benefit from

" Note that for some values of these elasticities, increasing 7 results in lower carbon prices than the price at 7= 0
(which is the same across panels), and for other values, increasing 7 results in greater prices.

'2 If the mitigation costs were distributed in a way that made all but the richest quintile net beneficiaries (Metcalf
2009; Sterner 2012; Wilkerson et al. 2015; Williams et al. 2014), the results would presumably be even starker.
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mitigation and the less they pay for it, the more likely the reversal. However, this also depends
on the rate of pure time preference, which must be sufficiently high (and imply a sufficiently
modest mitigation) for the reversal to be observed.

3.2 Interactions with catastrophic damages

So far, we have taken the total dollar amount of economic damage resulting from climate
change as given by the original quadratic damage specification of the RICE model, and only
modulated (by changing &) the way in which that total amount of damage is distributed across
the income groups of every region. Here, we consider two additional damage specifications in
which there is significantly greater overall damage once temperatures increase beyond what
has been observed in the historic record. As described at the end of Sect. 2, we have two
additional specifications: ‘Weitzman’ and ‘Dietz-Stern’.

The direction of the effect on optimal prices of greater damages is obvious: the specifica-
tions with greater damage lead to greater optimal mitigation. However, surprisingly, for most
reasonable values taken by the other parameters, the effect of adding such huge damages with
certainty has a comparatively small effect in the optima when compared with the effect of the
distributional parameters investigated here.

In Fig. 2, we plot optimal prices for different assumptions about the total damage and
different income elasticities of damage & (for p=2 %, n=2, and w=1). As described at the
end of Sect. 2, the damage specifications are calibrated to entail 50% damage to global output
at a 6 °C (as in Weitzman 2012), or at 4 °C (Dietz and Stern 2015). (These assumptions are
described in more detail in the online appendix).

In the left panel, the elasticity of damage is low, and therefore, the optimal carbon prices are
high. Comparing the different damage specifications, we see that all three are almost identical.
If, however, the elasticity of damage is high (right panel), the optimal prices and mitigation
efforts are smaller, and the difference across damage specifications becomes more significant.

The results in Fig. 2 are best explained by looking at the temperatures reached at the
different optima and at how different the damage specifications are at those temperatures. As
can be seen from the leftmost panel of Fig. 3, there is hardly a difference between the three
damage functions below 1.5 °C. Any mitigation path that avoids higher temperatures even for

1200 p=2%; 1=2; w=1; £&=-1 1200 . p=2%; n=2; w=1, £=0 1200 p=2%; 1=2; w=1; £&=1
900 900
/ 600

N RICE2010 damage
===~ Weitzman (50%at6") 300

Dietz-Stern (50%at4”)
""""""""" World Backstop

optimal carbon price ($/tC)
w D
o o
o o

0 0 0 -
2000 2050 2100 2150 2000 2050 2100 2150 2000 2050 2100 2150
year year year

Fig. 2 Optimal carbon price paths for different damage function specifications under the three different values
for the income elasticity of damage, &, all with p = 2%, n = 2 and w = 1. Notice that as you move to the right
across panels, the greater value of { results in lower prices, and it is only when the prices are sufficiently low that
the optimum across damage specifications is significantly different. Varying £ under RICE damages (dashed-
dotted lines across panels) has a greater effect than varying the damage specification (comparing lines within a
panel)
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the RICE 2010 damages will not change perceptively when the higher order damage term is
introduced. This is the case for the carbon prices in the left panel of Fig. 2. The difference
between Weitzman (50% at 6 °C) and RICE 2010 only becomes noticeable past 2.5 °C. So, if
the RICE damage optimum results in maximum temperatures between 1. 5 and 2.5 °C, the
Weitzman damage optimum will not differ significantly from it, but the Dietz-Stern damage
optimum will. This is illustrated in the middle panel of Fig. 3, which corresponds to the
optimal prices in the middle panel of Fig. 2. Finally, if the RICE damage optimum results in
maximum temperatures above 2.5 °C, then the Weitzman damage optimum will differ
significantly from it, as illustrated in the right panels of Figs. 2 and 3.

We note that while this analysis holds for optimal carbon prices, the economic damage that
results from having a non-optimal policy (i.e. a policy that is too lax) may be quite large and
significantly affected by the alternative assumptions about damage considered here. Incorpo-
rating uncertainty over the damage function and other key parameters (including climate
sensitivity and other parameters not even discussed here) might also lead to a stronger policy
response.

In the supplemental material, we have included plots corresponding to the three panels of
Fig. 2 for different values of p, n, and w. The overall pattern is similar to the one in Fig. 2. The
different damage specifications matter more when the effort under the RICE specification is
low (i.e. for high values of p and low values of w). The effect of 7 cannot be summarised in
such a way because of the ambiguous effect of 77 on the optimal policy.

Weitzman (2007) disagreed strongly with the authors of the Stern Review regarding their
choice of normative parameters (p and 7), but agreed to some extent that high levels of effort
are warranted if uncertainty is taken into account, with a low probability of very strong
damages on aggregate output. Qualitatively, this effect can be seen in the right panel of Fig.
2. The normative parameters and damage distribution assumptions are similar to what
Weitzman had in mind, and there is a clear effect.

However, when optimal mitigation effort is already high, as is the case with a highly regressive
damage distribution, the inclusion of an aggregate catastrophe in the damage function has no
effect on the optimum. Furthermore, comparing the variation in optimal carbon prices for the
range of values taken by the distributional parameters (the income elasticities £ and w) with the
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— RICE2010 damage 3
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Dietz-Stern (50%at4’)
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Fig. 3 The left panel plots the damage function of the median region, which we define as the average of the
damages of the regions with the sixth and seventh largest damages (the model has 12 regions). The corresponding
regions are ‘Europe’ and ‘other non-OECD Asia’. The middle and right panels plot the atmospheric temperature
paths at the optima described in the corresponding panels of Fig. 2. Notice that in the middle panel, the RICE
optimum and the Weitzman optimum are below 2.5 °C. Below that temperature, the RICE and Weitzman
damages are barely distinguishable, which is why the two optima are so similar. The Dietz-Stern damage is
significantly different from the other two beyond 1.5 °C: a temperature surpassed by the other optima in the
middle panel
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variation due to the different aggregate damage specifications, it becomes apparent that the way in
which costs and benefits are distributed across income groups has a much greater impact on the
optimal carbon price than even the extreme damage specification by Dietz-Stern. Only if =0 do
distributional considerations become less important that the possible aggregate catastrophe, and
no example in the IAM literature considers that possibility. This is an important lesson. By
neglecting the intragenerational distribution of inequalities (within regions and countries), the
literature had to look at global catastrophes in order to explore potential reasons for strong
mitigation. With inequalities and a skewed damage distribution, the social catastrophe looms
large even at less extreme temperature increases.

4 Conclusion

NICE reveals the importance of a factor largely ignored by existing [AMs: the interaction between
climate change and inequalities within regions and countries. But disaggregating the regions of the
world into income strata does not by itself suffice to overturn the usual conclusions. A greater
inequality aversion in the social welfare objective pursued by policy may enhance or undermine the
recommended level of mitigation depending on the other parameters and assumptions. The
evaluation of the Schelling Reversal therefore depends in various (sometimes obvious, sometimes
subtle) ways on several conditions. As Schelling argued, the distribution of damages and abatement
costs is the essential ingredient in the analysis and involves both climate, economic and political
assumptions.

Using NICE, we have investigated the interactions between a number of factors that can, in
isolation, have an important effect on the strength of optimal mitigation—namely, pure time
preference, inequality aversion, inequalities in the distribution of both damage and mitigation cost
between rich and poor and a damage function that does or does not assume catastrophic impacts at
high global mean temperatures increases. We have shown the comparative importance of these
factors by displaying optimal carbon price trajectories that arise from the wide variety of combina-
tions that are possible given the primary range of disagreement over each factor.

To frame the discussion, we began by articulating Schelling’s conjecture that properly
accounting for inequalities could lead the inequality aversion parameter to have an effect
opposite to what is suggested by the Ramsey equation. We showed that the Schelling Reversal
does indeed happen but only when a set of conditions are all satisfied: roughly, when climate
damages disproportionately harm the poor, when mitigation costs are not disproportionately
paid by the poor, and when discounting is sufficiently high making effort at the optimum low;
in these circumstances, increasing inequality aversion leads to faster optimal mitigation.
Otherwise, intergenerational inequalities tend to dominate. The Schelling Reversal emerges
especially strongly in situations of a progressive distribution of abatement costs and a
regressive distribution of climate damages.

We also showed that for most values taken by the other parameters, the effect on optimal
policy of adding catastrophic damages with certainty at 4 or 6 °C above pre-industrial
temperatures typically has a smaller effect than the other parameters investigated here,
especially when compared to the effect of sub-regional inequalities. The addition of potentially
catastrophic damages has a larger effect on optimal policy when damages are proportional to
income than when they fall more on the poor, because the latter requires strong mitigation for
reasons independent of the potential for catastrophic damages, which prevents temperature
from increasing to the point where the elevated damage function would be relevant. However,
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we note that our experiments are deterministic and do not explore uncertainty as well as the
economic consequences of non-optimal carbon policies, both of which are important further
issues, and which we explore in work in progress.

In sum, NICE provides answers to a number of pressing questions about the comparative
importance of familiar factors such as discounting and higher order damage terms for the determi-
nation of the price of carbon. This paper has especially highlighted that distributional catastrophes
may loom larger than global catastrophes, although inequality aversion tends to shift the focus
towards the future poor rather than the present poor only when time preference is high, i.e. when
mitigation is low.
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Online Supplement

In this supplement we describe the NICE Model used for this analysis and present sensitivity
analyses to the results shown in the main article.

1. The NICE Model

In this section we describe the NICE model that is used in our analysis, which evaluates
public policy with a social welfare function. Following RICE2010 (Nordhaus 2010), on which
NICE is based, and most of the literature, we use a discounted and separable constant
elasticity function with population weights:

1 n
_ Ll]t l]t

where W denotes social welfare, L population, ¢ per capita consumption, p the rate of pure
time preference and 7 inequality aversion. The subscripts i, j, and t are the region, quintile,
and time indices respectively. RICE only has region and time indices, while the quintiles are
novel to NICE.

In NICE and RICE the world is composed of twelve macro region economies 0 (some
of which are in fact countries, like China, India, the USA, Russia, and Japan). The basic policy
trade-off is between output today — through greater or smaller mitigation cost — and output
tomorrow — through greater or lower climate damages. As in RICE, net regional output in
period t is given by

Yie = (1 Alt) Qit (2)

1+D
where Q;; is gross output, D;; is regional damage and A;; is regional mitigation cost.
For regional population L;; and savings rate s;;, investment is
Iit = sitYie (3)

and average per capita consumption (for region i at time t) is

Eit = ﬂy (4)

it
Up to this point, we have described the RICE model, which coincides with NICE on
those points.! In order to investigate the ways in which climate interacts with a more fine-
grained representation of inequality, we further refine the regional consumption in
equation (4) to represent the sub-regional consumption distribution. As an approximation of
the regional consumption distribution we compute the quintile share, q;; of quintile jin

region i by aggregating the country income distribution data from the World Bank
Development Indicators (World Bank 2014). We assume that these distributions are a proxy

' RICE and NICE coincide on equations (2) — (4). The social objective is different in that NICE uses (1) and RICE
uses a Negishi weighted social objective.
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for consumption distributions before accounting for climate damages and mitigation cost,
and remain constant into the future.? On that basis we compute pre-damage and pre-
mitigation cost per capita consumption level per quintile from each region’s per capita
consumption in each period. (Note here and in the equations that follow that this leaves
regional climate and economy aggregates as computed in RICE2010.)

From here, the first novel equation of NICE computes the pre-mitigation cost and
pre-damage per capita consumption of quintile j in region i as

pre _ - (1+Dit)
C:: = Cit \ —— P (5)
ijt it 1-Ag ql]

where q;; is the consumption share of quintile j in region i. In analogy to the consumption
shares we define the mitigation cost and damage shares of quintile j in region i by e;; and
d;; respectively.®

Notice that because total abatement cost is deducted first (in the numerator) and damage
cost is deduce second (in the denominator) in equation (2), the total abatement cost to per-

. o ... = (14D . .
capita consumption in region iis C;; (ﬁ) A+ while the total damage cost to per-capita
—Ait

consumption in region i is c'itDit.4 Consequently, the mitigation cost of quintile j in region
[is Ci¢ (%) Ajce;; and the damage cost to the same group is ;¢ D;.d;.

—Ait
Therefore post-damage and post-mitigation cost average per capita consumption (for

quintile j in region i at time t) is given by by

— 1+D; —
Cije = Chjp — Cit (1_—/1“) Ay — CijDyed;j (6)
it

In order to consider different mitigation cost and damage distributions by varying a simple
parameter we assume a constant elasticity relationship within regions between the
mitigation cost and the consumption shares, as well as between the damage and
consumption shares. Denoting the elasticity parameters by ® and & the mitigation cost and
damage shares are given by’

’The assumption that they remain constant is motivated by the fact that, whereas one can
hope for the inequalities across regions to decrease in the future (as assumed in RICE and
reproduced in NICE) as a result of economic and technological convergence, the inequalities
within countries are submitted to opposing forces which make it possible to observe
changes in either direction.

* As defined here qij, e;j and d;; are actually the quintile shares multiplied by 5. We do this for ease of
exposition, so that we don’t have to carry a factor of 5 in all computations of per capita values. For example, if
the consumption distribution were uniform the actual quintile shares would be q;; = 1/5 for all quintiles j.
But instead we set q;; = 1, so that equations (5) and (6) correctly attribute the regional per capita value to
each quintile.

* The total costs to GDP (both damage and abatement) equal the cost to per-capital consumption times the
population, plus the cost to investment, which we leave unaltered relative to RICE.

> Recall that the quintile shares are fixed and computed by aggregating country level distributional data to the
regional level.
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ejj = kiwqiaj; dij = kifqifj-; (7)°

By modifying the parameters & and ®, we are thus able to vary the distribution between
quintiles of mitigation costs and climate damages. For & = 1, regional damages are
distributed proportional to consumption; for & = -1, inversely proportional. For ® = 0,
abatement costs fall in equal amounts on rich and poor quintiles; for ® = 2, they fall much
more on the rich.

Recent literature has suggested that the economic consequences of climate change
may be more pronounced than previously thought, and become larger and more uncertain
at greater departures from preindustrial temperatures. This has motivated some economists
to argue for the importance of using a “fat-tail” approach to modelling the risk of low
probability but very high impact scenarios that may emerge from an altered climate
(Weitzman 2011, 2013). (See Houser et al. 2014 and Burke et al. 2015 for empirical
arguments that damages may be larger than previous estimates.)

In RICE2010, the function determining the damage term D;; is a quadratic function of
temperature rise above preindustrial levels (T):

Dy = ay Ty + ayT¢

Its coefficients are based on the empirical estimates described in the introduction, which
have a domain of approximate validity near and below 2.5°C (Tol 2009, Nordhaus 2013). In
an effort to model the possibility of extreme damage beyond that domain, but lacking much
empirical basis for extrapolation, Weitzman (2012) proposed adding a higher order
temperature term based on a thought experiment of what could happen at a temperature
of 6°C. To this end, in NICE, we add an additional term to the RICE2010 damage function
that applies a coefficient to temperature raised to the 7t power, in order to explicitly
consider the possibility that climate change could have a much more catastrophic impact on
the global economy:

Dy = ay Ty + ayTé + ayT! (8)’

Weitzman 2012 supposes that damages equal to 50% of gross output would occur at T =
6°C. In a recent paper focusing on damages on capital, Dietz and Stern (2015) imagine an
even gloomier calibration with 50% damage at T = 4°C. We consider optimal taxes for all
three of these specifications: original RICE2010, Weitzman, and Dietz-Stern, and calibrate
the oy parameter accordingly. (For the Weitzman case o= 3.3615e-06. For the Dietz-Stern
case o= 5.8707e-05.)

2. Capital accumulation and the savings rate

® For equation 7, the parameter values ks and k;,, are chosen such that };d;; = 1and }je;; = 1
respectively.

”In the RICE model, the damage coefficients on the linear and quadratic terms are region specific. In our initial
exploration here, this added o, term is not regionally specific but rather indicates damage to the global
economy as a result of climate change.
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The calibration for the RICE model yields annual rates for several variables, which are
then cumulated to the decadal time step of the model. In particular, in the RICE2010
spreadsheet the assumed capital depreciation rate of 10% per annum is cumulated
geometrically to the 10 year time step, while savings are accumulated arithmetically.
Specifically, capital is accumulated over the 10 year time step as:

K10 =Kex(1=8)"+10*1, (9)

where [; is annual investment. If one puts faith in the calibration of annual rates, this
combination of geometric depreciation and arithmetic accumulation quite significantly
overstates capital accumulation at the ten year step, while combining geometric
accumulation and depreciation or arithmetic accumulation and depreciation is more
accurate.® In our version of the model we have made both accumulation as well as
depreciation arithmetic, yielding

Kt+10 = Kt * (1 - 106) + 10 * It (10)
which is closer to the correct accumulation over the 10 year time step.

We also modify the savings rates. In RICE2010 the regional savings rates are chosen
to maximise the Negishi weighted global welfare function, taking optimal carbon taxes as
given. This is computationally cumbersome, and unlikely to be a reasonable description of
savings rates, as it overstates the savings rates of regions with high growth rates and
understates savings rates of regions with low growth rates relative to what representative
agents in such regions would choose.’ The savings rates of the RICE model are reproduced
in Table 1 below. Instead, we apply a fixed Solow savings rate of 25.8% in every time period
and every region. This vastly simplifies the modelling, and could even be considered an
improvement over the savings rates in the original model, since it can be rationalised as the
optimal savings rate as determined by an infinitely lived agent with logarithmic utility and a
utility discount rate of 1.5% per annum.® While the optimal rates according to a global
Negishi weighted objective cannot be rationalised by any regional representative agent.

The net effect of the two changes to savings and capital accumulation is that there is
slightly less capital accumulation in our version than in RICE2010. In fact, if our model had a
fixed rate of 30% the capital accumulation in our version would be approximately equal to
that in RICE2010 for most of the model horizon. Having the lower savings rate of 25.8%
affects the values of aggregate variables such as GDP and emissions at the optimum, but it
has only a small effect on the value of the optimal carbon tax, as can be seen in Figure SM1
below. Recall that the 25.8% is arrived at by assuming logarithmic utility and a utility

® To see this notice that the correct first order approximation is
Keno = K(1 =80 +1, ) (1-8)

j=0to9
When § = 0 all three variants are the yield the same capital ten periods later. But if § becomes large enough
for the linear approximation of the logarithm to become inaccurate, then the version used in RICE2010
diverges significantly from the correct accumulation.
° See Dennig & Emmerling (2017) for this result.
1% See Golosov et al (2014) for this result.
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discount rate of 1.5% per annum along with complete depreciation. If one were to assume
an elasticity of marginal utility of, say 1.5 or 2, the savings rate would be even lower, making
capital accumulation diverge even more from the RICE model.

The preceding sections summarized the key features of NICE relevant to the analysis
in this paper. Additional technical discussion of NICE and its relation to RICE2010 is available
in the methods, appendix, and online supplement of Dennig et al. 2015.
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Figure SM1: Four groups of optimal carbon price paths for 6 different assumptions on capital
accumulation. Five assumptions correspond to fixed savings rates (of different magnitudes) along
with full capital depreciation over a decade. The sixth corresponds to the exact savings rates and
capital depreciation assumptions of the original RICE2010 spreadsheet. The different groups
correspond to different values of the elasticity of marginal utility, n. The other parameters
correspond to the values assumed in the middle panel of Figure 1 in the main text (p = 2%,¢§ =
0,w=1).

year 2005 | 2015 | 2025 | 2035 | 2045 | 2055 | 2065 | 2075 | 2085 | 2095 | 2105 | 2115

us 0.18 0.20 0.20 0.20 0.20 0.20 0.20 0.20 0.21 0.21 0.21 0.22

EU 0.17 0.20 0.20 0.19 0.19 0.19 0.19 0.20 0.20 0.21 0.21 0.22

Japan | 0.15 0.18 0.18 0.17 0.18 0.19 0.19 0.19 0.19 0.20 0.21 0.22

Russia | 0.19 0.19 0.19 0.19 0.19 0.19 0.19 0.19 0.19 0.20 0.21 0.22

EurAs | 0.20 0.23 0.22 0.21 0.21 0.21 0.21 0.21 0.21 0.22 0.22 0.23

China | 0.36 0.23 0.22 0.21 0.20 0.20 0.20 0.20 0.20 0.21 0.22 0.21

India 0.29 0.27 0.25 0.24 0.23 0.23 0.23 0.22 0.22 0.22 0.23 0.23

MidEst | 0.26 0.25 0.24 0.23 0.22 0.22 0.22 0.22 0.22 0.22 0.21 0.22

Africa | 0.30 0.30 0.29 0.28 0.26 0.24 0.24 0.24 0.24 0.23 0.22 0.22

LatAm | 0.24 0.24 0.23 0.22 0.21 0.21 0.21 0.21 0.21 0.22 0.22 0.23

OHI 0.19 0.20 0.20 0.19 0.19 0.19 0.19 0.19 0.19 0.20 0.21 0.22

Other | 0.24 0.28 0.27 0.25 0.24 0.23 0.23 0.23 0.23 0.23 0.23 0.22

Table 1: Savings rates in Nordhaus’s RICE2010 optimum. Notice that these are combined with less capital
depreciation (0.9'° over a decadal time step, compared with full depreciation in our version), resulting in
significantly greater capital accumulation than in our model runs with a 25.8% savings rate. These savings rates
are roughly equivalent to a 30% savings rate in a model with full capital depreciation over a decade.
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3. Backstop prices

The backstop price is the carbon price at which full abatement takes place. The idea is that
at such a high penalty for emissions, non-fossil sources of energy become competitive. This
is a standard concept in the theory of exhaustible resources (Dasgupta and Heal 1979). The
RICE model posits a global backstop price that declines over time, and attributes to each
region a fraction (or multiple) of that price. The US, for instance, has a backstop of 0.9 times
the world backstop, and India has a backstop of 1.1 times the world backstop. For the runs
in this paper we have set the backstop prices of all regions to equal the world backstop
price. This is done because having different backstops lead to non-differentiabilities in the
objective as the carbon price passes from below the backstop of a region to above the
backstop. This leads to kinks in the optimal carbon price that obscure the sensitivity to
parameters for paths that are very similar. As can be seen from Figure SM2, the path taken
by the optimal carbon prices up until the global backstop is very similar, regardless of what
assumption was made about the backstop.

T T
Same BP, n=0
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| Same BP, 1=2 ]
1200 Same BP, =3
--------------- Diff BP, =0
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Diff BP, =2 |
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8 800 i
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Figure SM2: Optimal carbon price paths corresponding to the optima in the middle panel of Figure 1
in the main text, but for two different assumptions about the backstop prices. The solid lines assume
that all the regions have a backstop price equal to the worlds backstop price, while the dotted lines
assume that each region has a different backstop, as assumed in the original RICE model. The four
different optimal being replicated correspond to different values of the elasticity of marginal utility,
7. The other parameters correspond the ones in the middle panel of Figure 1 in the main text
(p=2%,¢=0,w=1)



4. Additional results referred to in the main text
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Figure 1A: Optimal carbon price paths for different values of n under five different assumptions for the
distribution of mitigation costs and climate damage within regions, all with p = 0% and the RICE damage

functions. Similar to Figure 1 in main text, but with a different value of p.
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Figure 1B: Optimal carbon price paths for different values of 7 under five different assumptions for the
distribution of mitigation costs and climate damage within regions, all with p = 1% and the RICE damage

functions. Similar to Figure 1 in main text, but with a different value of p.
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Figure 2A: Optimal carbon price paths for different damage function specifications under three different
values for the income elasticity of damage, ¢, for combinations of n € {1,2} and w € {0,1}, all with p = 2%.
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Figure 2B: Optimal carbon price paths for different damage function specifications under three different
values for the income elasticity of damage, ¢, for combinations of n € {1,2} and w € {0,1}, all with p = 0%.

10



References

Arrow, K. J. (1999). Discounting, morality, and gaming. in Discounting and intergenerational
equity, (Portney and Weyant) 13-21.

Arrow, K., M. Cropper, C. Gollier, B. Groom, G. Heal, R. Newell, W. Nordhaus, R. Pindyck, W.
Pizer, P. Portney, T. Sterner, R. Tol, and M. Weitzman, (2012). How Should Benefits and
Costs be Discounted in an Intergenerational Context? Resources for the Future Discussion
Paper 12-53, Washington, DC.

Burke, M., S. Hsiang, and E. Miguel, (2015). Global non-linear effect of temperature on
economic production, Nature, 527, 235-239.

Dasgupta, P. (2007), Commentary: the Stern Review’s economics of climate change.
National Institute Economic Review.

Dasgupta, P. (2008), Discounting climate change. J Risk Uncertainty, 37, 141-169.

Dennig, F., M. Budolfson, M. Fleurbaey, A. Siebert, and R. Socolow, (2015). Inequality,
Climate Impacts on the Future Poor, and Carbon Prices, PNAS, 112, 15827-15832.

Hicks, J. (1939). "The Foundations of Welfare Economics". Economic Journal, 49 696—-712.
Houser, T., R. Kopp, S. Hsiang, M. Delgado, A. Jina, K. Larsen, M. Mastrandrea, S. Mohan, R.
Muir-Wood, D.J. Rasmussen, J. Rising, and P. Wilson, (2014), American Climate Prospectus:
Economic Risks in the United States, prepared as input to the Risky Business Project,
Rhodium Group.

Kaldor, N. (1939). "Welfare Propositions in Economics and Interpersonal Comparisons of
Utility". Economic Journal 49, 549-552.

Nordhaus, W., (2007), A Review of the Stern Review on the Economics of Climate Change,
Journal of Economic Literature, 45, 686-702.

Nordhaus, W., (2010), Economic aspects of global warming in a post-Copenhagen
environment, PNAS, 107, 11721-11726.

Nordhaus, W. (with P. Sztorc), (2013), User's Manual for DICE-2013R, online at:
http://www.econ.yale.edu/~nordhaus/homepage/documents/DICE_Manual_103113r2.pdf
Rawls, J., (1971), A Theory of Justice, Harvard University Press, Cambridge, MA.

Schelling, T., (1995), Intergenerational discounting, Energy Policy, 23, 395-401.

Stern, N., HM Treasury Department, UK (2006). Stern Review on the Economics of Climate
Change.

Tol, R., (2009). The Economic Effects of Climate Change, Journal of Economic Perspectives,
23, 29-51.

Weitzman, M., (2007), A Review of the Stern Review on the Economics of Climate Change,
Journal of Economic Literature, 45, 703-724.

Weitzman, M., (2011), Fat-Tailed Uncertainty in the Economics of Catastrophic Climate
Change, Review of Environmental Economics and Policy, 5, 275-292.

Weitzman M. (2012) GHG Targets as Insurance Against Catastrophic Climate Damages.
Journal of Public Economic Theory, 14, 221-244

Weitzman, M., (2013), Tail-Hedge Discounting and the Social Cost of Carbon, Journal of
Economic Literature, 51, 873-882.

World Bank (2014), World Development Indicators, Table 2.9 Distribution of income or
consumption, The World Bank, Washington, D.C. online at:
http://wdi.worldbank.org/table/2.9.

11



	main text climatic change.pdf
	The comparative importance for optimal climate policy of discounting, inequalities and catastrophes
	Abstract
	Introduction
	The Schelling Reversal and NICE
	Results
	The distribution of sub-regional costs and benefits, and the Schelling Reversal
	Interactions with catastrophic damages

	Conclusion
	References


	SI climatic change.pdf

