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The Social Cost of Carbon with Intragenerational
Inequality under Economic Uncertainty

Abstract

A formula is derived for the social cost of carbon (SCC) that takes account of intragenerational
income inequality and its evolution with economic growth. The social discount rate (SDR) should
be adjusted to account for intragenerational and intergenerational inequality aversion and for risk
aversion. If growth increases (reduces) intra-generational inequality, the SDR is lower (higher)
and the SCC higher (lower) than along an inequality-neutral growth path, especially if intra-
generational and intergenerational inequality aversion are higher. The same qualitative result is
shown for two welfare specifications, one with a representative agent with equally distributed
equivalent (EDE) income and the other considers individuals separately across the income
distribution. The latter specification causes an additional impact of income inequality on the SDR
and SCC because individuals are compared both within and between time periods. Our preferred
EDE calibration to a scenario in which global intragenerational inequality declines over time,
leads to a SCC in 2020 of $70/tCO2 compared to a value of $85/tCO2 without the effect of
inequality.
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1 Introduction

The social discount rate (SDR) has important implications for the economic appraisal of
public investment projects and regulatory change. The sensitivity of the social cost of
carbon (SCC) to the SDR implies that the implications of discounting for appraisal of
climate policy are particularly important. This has been reflected in policy circles with
recent calls for a refocusing of climate policy on more scientific assessments of the SCC,
and clearer guidance on the appropriate SDR (Aldy et al., 2021). Current estimates of the
SCC used in policy circles ignore many factors that are relevant for welfare in the context
of climate change (Wagner et al., 2021). Perhaps chief among these omissions is the issue
of intragenerational, rather than intergenerational inequality. While there are general
calls for accounting for the distributional effects of environmental policy in appraisal (e.g.
Drupp et al., 2021), evidence from Integrated Assessment Models shows that the poten-
tial welfare implications of intragenerational inequality aversion might be an important
determinant of the SCC (Dennig et al., 2015; Kornek et al., 2021). Furthermore, in the
United States, Executive Order 13990 specifically requires inequality to be considered in
the assessment of the economic impacts of air pollutants including CO2 (IAWG, 2021).
Taken together, there is a clear need to provide methodological guidance and transparent
estimates of the SCC that take into account inequality and inequality aversion, both inter-
and intragenerationally, and better reflect the welfare effects of climate change. Progress
here could inform policy processes like the recent Biden administration’s review of climate
policy and the SCC.

In this paper we address this important policy issue by adjusting the Keynes-Ramsey
rule for the SDR to take account of both intra- and intergenerational inequality aversion,
correcting for the fact that the standard representative-agent approach ignores aversion
to intragenerational income inequalities (Dasgupta, 2008; Gollier, 2015; Emmerling et al.,
2017; Fleurbaey et al., 2018). Our aim is to provide the simplest possible framework for
evaluating the SDR and the SCC accounting for inequality both within and across gener-
ations, as well as for uncertainty about the future rate of economic growth. Our approach
distinguishes measures of intragenerational and intergenerational inequality aversion sep-
arately, and by using recursive preferences (Kreps and Porteus, 1978; Epstein and Zin,
1989; Duffie and Epstein, 1992a,b) also disentangles measures of relative risk aversion and
aversion to intertemporal fluctuations.

We model the dynamics of the intragenerational income distribution with a lognormal

income distribution (e.g., Pinkovskiy and Sala-i Martin, 2009). This allows the analysis



of distributions that become over time more unequal, less unequal, or stay the same as
the economy grows to be captured by a single parameter, the coefficient of variation. To
illustrate the relative importance of preferences over inter- and intragenerational inequal-
ity, and uncertainty, on the SCC we calibrate a simple climate-economy model with global
warming damages as fraction of world economic activity roughly linear in temperature
(Burke et al., 2015; Kalkuhl and Wenz, 2020), temperature driven by cumulative emis-
sions (e.g., Matthews et al., 2009; van der Ploeg, 2018; Dietz and Venmans, 2019), and
global mean consumption growth given by a geometric Brownian motion with risks of rare
macroeconomic disasters (Barro, 2009). Coupled with inequality in consumption levels
across agents at a particular point of time represented by a lognormal distribution, we
show how the SDR and the optimal SCC depend not only on uncertainty about the future
rate of growth of the economy, but also on intra- and intergenerational inequality, and
the three preference measures regarding intra- and intergenerational inequality aversion
and risk aversion. The inclusion of the two types of inequality, appropriately calibrated
preferences, uncertainty and catastrophic risk addresses a number of additional omissions
in the typical calculation of the SCC highlighted by Wagner et al. (2021).

Section 2 defines the equally-distributed-equivalent (EDE) level of consumption as in
Atkinson (1970) and gives expressions for the level and growth of mean and per-capita
consumption and of EDE consumption. Sections 3 and 4 discuss intra- and intergener-
ational inequality aversion, and derive the inequality-adjusted SDR. Section 5 gives the
optimal SCC adjusted for intra- and intergenerational inequality aversion. Section 6 al-
lows for growth uncertainty, the risk of rare macroeconomics disasters, and risk aversion.
Section 7 calibrates our model and section 8 quantifies the SDR and SCC for various pref-
erences regarding intra- and intergenerational inequality aversion and risk aversion, and
for several SSP scenarios corresponding to the Shared Socioeconomic Proposals (SSPs)
over the 21st century (SSP2), see Riahi et al. (2017). Section 8 summarises our results

and suggests directions for further research.

2 Equally-distributed equivalent consumption

Following Emmerling et al. (2017), consider at time ¢ an economy with a continuum
of agents of type 6 with cumulative probability density function F;(#) and assume that
this density function is the same for all points of time. At a particular moment of time

t, the instantaneous felicity function of an agent of type 6 is U (¢;(0)), where ¢;(0) de-



notes consumption of this agent at time ¢. We assume that the felicity function has a
constant elasticity of marginal utility with respect to consumption, so the felicity func-
tion is U (c;(0)) = (c,(0)"' —1) /(1 —n)if n # 1 and U (¢,(0)) = Incy(f) if n = 1. The
elasticity n = —c:U” (c:(6)) /U’ (¢+(8)) > 0 is the coefficient of relative intragenerational
inequality aversion. This coefficient is the same for all agents and constant over time.
The equally-distributed-equivalent (EDE) level of consumption at a given point in time
t is that constant level of consumption that gives the same felicity as the actual distri-
bution of consumption levels (Atkinson, 1970). The level of EDE consumption can be
written as PP = U~! ([, U (ct()) dF(6)) . The Atkinson inequality index is defined as
Ii(n) = (¢nean — cEPE) Jemean and satisfies the axioms of anonymity, aversion to mean-
preserving spreads, and aversion to population and income scale. EDE consumption can
be viewed as the sure income an agent would be indifferent to compared with the prospect
of obtaining a random draw from the income distribution behind the “veil of ignorance”.

We assume that consumption of agents at time ¢ is lognormally distributed with mean

¢ and standard deviation oy, so Incy(0) ~ N(py, 04%). This gives EDE consumption
CFDE = exXp (Mt + (1 - 77)Ut2/2) . (1)

Without intragenerational inequality aversion (n = 0), EDE consumption equals mean

consumption ¢*" = exp (u; + 0,2/2) . If relative intragenerational inequality aversion

equals one (n = 1), EDE consumption equals median per-capita consumption c?”‘edi“” =
exp(p). In general, higher intragenerational inequality aversion and intragenerational in-
equality in consumption levels depress the EDE level of consumption. The Atkinson index
increases in intragenerational inequality and aversion to it, and varies between zero (no in-
tragenerational inequality or aversion to it) and 1 since 0 < I;(n) = 1—exp (—n0:?/2) < 1.
Dispersion in consumption drives median consumption below mean consumption. The
standard deviation of consumption at time ¢ is exp (u; + 042/2) \/exp(o;2) — 1 and the
corresponding coefficient of variation is \/W. The annualised growth rate of

EDE consumption is defined as gFP¥ = In(cFPE /cPF) /t and equals

907" = [ — o + (1= m)(ov* — 00) /2] /2. (2)
The annualised growth rates of median and mean consumption are g"¢4@" = (y; — i)/t
and g™ = (u; — po + (04> — 00%)/2) /t, respectively. Focusing on the median, the

growth rate of the level of EDE consumption is given by



gEDE = green (gt — green) 3)

(cf. Emmerling et al., 2017).! Hence, growth of EDE consumption increases in median
growth, and decreases (increases) in mean growth if intragenerational inequality aversion
exceeds (falls short of) one.

In the simplest case of neutral growth for all agents at the rate g, we have pu; = pg+ gt
and o; = 09, Vt > 0, so that g = gmedian — ¢EDE — 4/t > (. The coefficient of
variation for the distribution of consumption levels at time ¢, i.e., /exp(0;?) — 1, is then
constant over time. Neutral growth thus corresponds to a constant coefficient of variation
for consumption levels. To obtain non-neutral growth where growth is associated with
changes over time in the coefficient of variation of consumption levels, while keeping the
average per-capita value unchanged, we suppose that the median is p; = po + (g9 — h)t
and that the variance is 07 = 02 + 2ht, Vt > 0, with h a constant. This gives

mean median

9" =g, g =g —h, and g/"F = g —nh, Vt > 0. (4)

For the Atkinson index of inequality, this implies I(g) = 1 — e~ 2 (02 + 2ht). The case h >
0 implies that intragenerational inequality in incomes grows over time, and the median of

consumption growth is below mean growth. The coefficient of variation at time ¢ is now

vexp(oo? + 2ht) — 1 and rises with time if A > 0.2 In this situation growth is associated
with rising intragenerational inequality. Alternatively, if A < 0, the coefficient of variation
at time ¢ falls over time, median consumption growth is above mean growth, and growth

is associated with falling intragenerational inequality.

3 Social welfare with inter- and intragenerational in-
equality aversion

The quasi-concave function V (cFPF)
equality aversion. We let V (c#PF) = ((¢FPE)*~1 —1) /(1 —w) if w # 1 and V(cFPF) =
IncPPE if w = 1. Here w = —cEPEU" (cEPE) /U (cFPE) denotes the constant coefficient

of relative intergenerational inequality aversion. We assume that all agents have the

captures society’s attitudes to intergenerational in-

nstead of using the median, we can express EDE income growth also for any other quantile g other
than the median (¢ = 0.5) of the lognormal distribution considered. In particular, we can express the

growth rate of the EDE as gFPF = gmean 4 n% (see Appendix A)

2The coefficient of variation can also be written as \/(1 - 1}(77))72/77 -1




same rate of time impatience or pure time preference 4 > 0. Within the expected utility

framework, utilitarian social welfare is given by

W, = /Oooe—“E {v (U—l (/OU(ct(Q))dF(Q)))]dt. (5)

= / Tt [V (e,"PF)] dt

This welfare function generalises Gollier (2015) by separating out the coefficients of rel-
ative intragenerational and intergenerational inequality aversion. This is important for
the integrated assessment of climate policy (Dennig et al., 2015). The expected utility
specification (5) implies that the coefficient of relative risk aversion equals the coefficient
of intergenerational inequality aversion (i.e., the inverse of the elasticity of intertemporal
substitution). Section 6 relaxes this assumption by extending equation (5) with recur-
sive preferences (Kreps and Porteus, 1978; Epstein and Zin, 1989; Duffie and Epstein,
1992a,b). For the time being, we abstract from uncertainty (where the distinction does
not matter) and use the welfare function Wy = [ eV (¢,"P¥)dt.

Based on this welfare function and with non-recursive preferences, we consider two ap-
proaches for the marginal evaluation of consumption needed to derive the SDR and SCC.
These approaches differ in the way marginal changes in consumption are distributed in
the economy. The first approach considers a marginal change in the EDE level of con-
sumption. Analytically, this EDE approach analyses a marginal change in the argument
¢ PEof the function V in Wy = [;% e 'V (¢,"PF)dt, i.e., dV/dcFPE. This approach corre-
sponds to a representative “EDE agent”, which decides on the intertemporal allocation of
consumption, taking into account how inequality evolves over time but abstracting from
the marginal impact of the project along the distribution at any point in time.

The second one is the “individual” approach, which is based on the first line of the
welfare function given by (5) using as an argument the individual ¢;(0). It considers the
inequality effect in the baseline over time but also explicitly assumes that the marginal
changes in consumption arising from the costs and benefits of the project are equally
shared among individual agents. Formally, marginal changes in consumption are evenly
distributed at every point of the income distribution such that dV/dc = [, (dV/dc (6;) df)
and % = ¢ for all 4.

The implications for the social discount rate are different for these two approaches.
The following section assesses the relative merits of each approach and shows that the

EDE approach is equivalent to Emmerling et al. (2017) while the individual approach is as



in Gollier (2015). The difference between the two approaches reflect different ways for the
policy maker to take account of intragenerational inequality. In the EDE approach policy
makers first take a stance on inequality aversion at a particular point of time, consider the
EDE individual to be the representative agent, and then compare this agent’s welfare over
time. Whereas, the individual approach takes into account the (equal) marginal impact
of the project along the full distribution, thus taking into account individual changes in
marginal utility arising from the marginal costs and benefits of the project.

Neither approach assumes that there is a covariance between project impacts and
marginal utilities along the income distribution at any point in time. Such covariances
would lead to an inequality-beta type term in the discount rate and SCC (see Jacobs and

van der Ploeg (2019) for an example and discussion of this possibility).

4 Adjusting the social discount rate for inequality

The SDR is defined as the rate of return to consumption, r;, needed to forgo consumption
today and preserve intertemporal welfare. Following (Gollier, 2011b, chapter 1),the social
discount rate r; is defined as
et 3W0/8ct
= e ©)
0WO / aCO
4.1 The EDE approach

The EDE approach uses the welfare function shown in (5). Using equation (3), the SDR
is based on the EDE level of consumption (cf. Dasgupta, 2008; Emmerling et al., 2017)

TtEDE =5+ ngDE =0+ wg;nean + (JJT](Q?den o g;nean). (7)

Upon substitution of the results in equation (4), this rule becomes

rtEDE =0+ w(g —nh). (8)

The adjustment for intragenerational inequality aversion is thus wn(gmedion — gmean) 3

The conventional Ramsey rule gives the unadjusted SDR as 77 = § + wg;™*" = § + wyg,

SEmmerling et al. (2017) calculate median and average per capita growth rates for 25 countries over
roughly three decades and find that median growth was below (above) average per capita growth in 15
(10) countries. Taking values for = of 1 (e.g., Stern, 2006) and 2 (e.g., Dasgupta, 2008), they calculate the
adjustment for inequality to the SDR, i.e., for these countries. For the UK and US this effect depresses
the SDR by about one percentage point if = = 2 but by roughly 0.25 percentage points if = = 1. For
the Netherlands, this effect increases the SDR. by 0.6%- and 0.2%-point, respectively.



mean

where wg; = wg is the unadjusted wealth effect. Growth in EDE consumption thus
drives the SDR adjusted for intragenerational inequality. Growth in mean consumption
drives the unadjusted SDR. The difference between the standard and inequality-adjusted
SDR, i.e., ry — 17 = wn(gFPE — gmeem) = —wnh, is the product of (i) the welfare effect of
changing intragenerational inequality, measured by the difference between EDE and mean

consumption growth, i.e., gFP¥ — gmean

= —h, multiplied by intragenerational inequality
aversion, 7; and (ii) the coefficient of relative intergenerational inequality aversion, w,
which gives —wnh. Higher EDE growth implies that future generations are richer than
current generations, so that society is less willing to invest in the future and employs a
higher inequality-adjusted SDR, and more so if intergenerational inequality aversion w is
high. If economic growth is neutral and does not affect intragenerational inequality over
time (h = 0), the unadjusted SDR is appropriate. If economic growth is associated with
rising intragenerational inequality (A > 0), the SDR is adjusted downwards and more so
the larger are the coefficients of relative intra- and intergenerational inequality aversion
(as can be seen from the term —wnh).

Effectively, policymakers find the future more important relative to the present if
intragenerational inequality rises over time, and the gap between mean and EDE con-
sumption rises. The reason is that when inequality is increasing, the marginal utility of
EDE consumption rises relative to that of mean consumption, making consumption in
the future more valuable in the more unequal society. Conversely, if economic growth
is associated with falling intragenerational inequality (h < 0), the social discount rate is
adjusted upwards compared to the SDR based on mean consumption alone.

The analysis disentangles the intra- and intergenerational inequality aversion param-
eters, 7 and w, respectively. Later we extend the analysis to uncertainty about the rate
of economic growth and obtain a generalised expression for the SDR that also separates

out society’s attitude to risk aversion.

4.2 The individual approach

A discount rate based on recursive Epstein-Zin preferences is standard in the field of
macro finance and has also been derived by Gollier (2002) and Traeger (2009). This leads
to additional complexity due to the recursive definition of the utility function. In case of
intragenerational inequality, a further level of complexity exists because inequality affects

marginal utilities both today and in the future. For the lognormal case, we apply the



bivariate lognormal result of Emmerling (2018) and get
le;nd — 5+ wg;nean + (w + l)gl—ft(ﬁ) (9)

or

Tind — 5+ OJgtEDE — 54+ wg;nean + wn(g;nedian . g;nean)’ (10)

which can also be written as
rind = § 4+ wg — (1 +w)h = § +w(g —nh) — nh. (11)

Comparing the EDE approach in (8) with the SDR in the individual approach in (11), we
see that the difference is the term —nh. This reflects a “prudence” or “downside inequality
aversion” term, which takes into account that there is diminishing marginal utility for
agents in the present and the future which is stronger among the poorer households.* For

the EDE representative agent, this prudence effect is absent.

5 The inequality-adjusted social cost of carbon

The SCC is the present discounted value of the stream of future damages from emitting
one ton of carbon today. The value of the SCC depends on the welfare function, economic
growth, and the ensuing accumulation of emissions and ensuing temperature change. In
the following, D; denotes global warming damages, T; denotes temperature measured
relative to its preindustrial level, and F; denotes cumulative emissions, all at time ¢
Here ey denotes the emissions rate at time zero and N the number of agents in the
economy. For simplicity, we abstract from population growth. Furthermore, we assume
that global warming damages are proportional to aggregate economic activity (aggregate

consumption) and linear in temperature increases, so that
Dy = (xo +x1Ty) Ne™ . (12)

Here x; denotes the marginal damage ratio, i.e., the increase in damages as proportion
of aggregate output per degree Celsius of global warming, and x( is a constant which
may arise from linearising a nonlinear function of temperature. This relationship is con-

sistent with recent empirical findings that the damage ratio is approximately linear in

4This reflects that with CRRA preferences, the third derivative of utility is positive (U”’ > 0).



temperature change (e.g., Burke et al., 2015; Kalkuhl and Wenz, 2020).

Temperature is driven by cumulative emissions, so that

¢
T, =& + & E; with B, = / egds. (13)
0

Here e4 denotes the rate of fossil-fuel use measured in Giga tonnes of carbon and thus also
the emissions rate at time s (e.g., Matthews et al., 2009; Allen et al., 2009; van der Ploeg,
2018; Dietz and Venmans, 2019), &; denotes the transient climate response to cumulative
emissions, and & = & FEy is a constant to capture the effect of historial emissions on
temperature. The marginal effect of emitting one ton of carbon today on damages at
time t in the future to all agents thus equals y1£; N, **". To evaluate this marginal
effect in monetary terms today (using the definition of the SCC), we will specify a welfare
function according to both the EDFE and the individual approach.

In general, the SCC can be written using a definition similar in structure to the SDR
in equation (3) except where the numerator reflects the discounted present value of future

damages measured in utility, i.e.,

e () () () o
Wy /0cq '

This allows us to derive the SCC for different social welfare functions and their respective
SDR formulae. With global warming damages and temperature change defined as above,
the SCC can be written as

lel Ncomean
R* ’

where R* = r{ — g denotes the growth-corrected social discount rate used to calculate the

SCCE = (15)

SCC. Here the superscript z is either EDE (see equation (8)) or ind (see equation (10) or
(11)). The SCC thus equals the present discounted value of marginal present and future
damages from emitting one ton of carbon today. This corresponds to current marginal
damages divided by the SDR corrected for the rate of economic growth ¢ to reflect that
damages are proportional to economic activity and thus increase in line with economic

growth.

10



5.1 The EDE approach

For the welfare function given by equation (5), the SCC (" The EDE approach”) can be
simply derived by the marginal impact on the welfare of the EDE agent today, i.e.,

Nf(]oo ot (%_%) (g_ﬁ) (g_fg) V' (e, "PE)dt

EDE _
SCC = V(e EDE) (16)
Proposition 1. The initial social cost of carbon under the EDE approach is
SCC{})_U}DE _ Xlgl ]\/'Co’rnecm7 (17)
d+ (w—1)g —wnh

where § denotes the rate of time impatience, g the economic growth rate, w the coefficient
of relative intergenerational inequality aversion, n the coefficient of relative intergenera-
tional aversion, h the difference between mean and median growth, x1 the increase in the
damage ratio per degree Celsius of global warming, and & the transient climate response

to cumulative emissions.

Proof. Substituting relationships (12) and (13) into (16) and using (4), we get

COEDE

EDE OO -t mean CtEDE -
SCCy~* =N e ' 1e"E | —= dt, (18)
0

which simplifies to equation (24).
O]

The denominator in the parentheses is the SDR minus the growth rate of consumption
(as global warming damages are proportional to economic activity and grow at this rate).
If economic growth does not affect intragenerational inequality over time (i.e., h = 0),
equation (18) boils down to SCCy = < X161 ) Ncy™e*™. This is the usual expression

0+ (w—1)g
for the SCC if intragenerational inequality is not taken into account. This SCC is pro-

portional to aggregate economic activity, the marginal damage ratio, and the transient
climate response to cumulative emissions, and inversely proportional to the unadjusted
growth-corrected social discount rate (r¥ — g). Higher impatience (§) thus reduces the
SCC. Furthermore, more concern about current generations being poorer than future

generations (i.e., a higher intergenerational inequality aversion and higher growth, wg)

11



increases the discount rate and depresses the SCC. Also, higher economic growth reduces
the SCC if the coefficient of relative intergenerational inequality aversion exceeds one (w >
1), because then the wealth effect (wg) dominates the effect of marginal damages growing
in line with aggregate economic activity.

If economic growth is associated with rising intragenerational inequality (A > 0) as
well rising intergenerational inequality (due to g > 0), the SDR in (7) is reduced and
the SCC in (18) is increased, especially if inter- and intragenerational inequality aversion
are high. If economic growth and growing intergenerational inequality go together with
falling intragenerational inequality (A < 0), we have the opposite result in that the SCC
(18) is reduced. The intuition behind this result is as follows. If economic growth is
associated with rising (falling) intragenerational inequality, the level of EDE consumption
grows slower (faster) than aggregate economic activity. Hence, the marginal utility of
EDE consumption declines faster (slower) than that of mean consumption and thus the
willingness to sacrifice consumption today to curb future global warming will be less
(more) as reflected in a lower (higher) SDR. Inequality-increasing (increasing) growth
reduces the SCC and leads to a more (less) ambitious climate policy with a higher (lower)
price of carbon.

The EDE-based expression for the SCC yields a unique value of the social cost of
carbon and in the absence of intergenerational inequality aversion (7 = 0) collapses to the

standard expression for the SCC.

5.2 The individual approach

Now we account for accounting for intragenerational inequality in the SCC at the individ-
ual level (the individual approach) by assuming that the costs are shared equally across
citizens at different income levels. The individual approach yields individual estimates of
the SCC for each point of the income distribution. This results in a distribution of SCC
values for today’s income distribution. The SCC is obtained by aggregating the welfare
impacts across individuals, where the welfare value is normalised for each 6 individual

today. This gives the expression

N f et (920) (82) (92) 5 J, U (c(0)) dF(O)at

5;8 U’ (co(0))

SCCi = (19)
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The individual, (co)-specific SSC value is then computed as

N [5F e % e memEy (EU,)T=n Jy o "dF ()dt

SCCi =
(EU())T" Can

(20)

Using the moments of the lognormal distribution, we can show that S CC}%"Z becomes

- 1 X161 )
SCCyy = Negeam, 21

0.0 e/ [,co"do ((5+(w—1)g—77(1+w)h 0 (21)
This value for the SCC is again proportional to aggregate output (see last term), reflects
climate parameters and the individual discount rates (second term), and is normalised by
the ratio of individual marginal utility at the level of consumption ¢y and the average level
of marginal utility (first term). It follows that the SCC based on the individual approach

is log-normally distributed across individuals as

2
SCCI ~ LN (In(SCCiM) + nQ%, 702). (22)

It thus has a higher mean than the SCC value under the EDE approach, and the difference
scales quadratically in the coefficient of relative intragenerational inequality aversion. If
policy makers have zero intragenerational inequality aversion (n — 0), the three formulas
collapse to the formula without intragenerational inequality.

The SCC based on the individual approach can be aggregated to obtain the economy-
wide SCC, denoted by SCC, under the assumption that each individual at ¢ = 0 today
pays the marginal project costs. The individual approach to the SCC evaluates the impact
of the marginal project (or carbon emission) by comparing today’s costs with future
benefits, but also takes into account the distribution of its (assumed equal) distribution
of costs today and benefits in the future. The aggregate SCCE" reflects the total expected

average welfare change under these assumptions and is given by

N f e (920) (48) (52) 58 J, U (c0) dF(O)dt
o [, U (co(6)) dF (6) |

SCeind = (23)

Proposition 2. The initial social cost of carbon under the individual approach is
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ind Xlél mean
= N 24
5CCq ((5—1—(@1— l)g—n(l—i-w)h) o ’ (24)

where § denote the rate of time impatience, g the economic growth rate, w the coefficient
of relative intergenerational inequality aversion, n the coefficient of relative intergenera-
tional aversion, h the difference between mean and median growth, x, the increase in the
damage ratio per degree Celsius of global warming, and & the transient climate response

to cumulative emissions.

Proof. Use the assumptions on temperature change and associated climate damages in
equation (20) to get the result.
O

The only difference between SCC{"® and SCCE™ is the prudence term —nh in the
SDR given in equations (11) and (8), respectively. This arises because of the assumption
that all damages and costs are born equally by each individual along the distribution in
the individual approach. The SCCE can also be written as a weighted average of the

individual SCC for each individual in the population, i.e.,

n
SCCin = mscoggd. (25)
We thus establish that SCCE is an equity-weighted estimate of the SCC (cf. Anthoff et
al., 2009; Hope, 2008; Watkiss and Hope, 2011; Anthoff and Emmerling, 2019; Nordhaus,
2011) with equity weights as derived in Fankhauser et al. (1997).
Compared to the EDE approach, the individual approach thus introduces a arbitrary
“normalisation” to a particular level of ¢q, while the EDE level of consumption is a natural

candidate given the welfare definition in equation (5).

5.3 What if global warming hurts the poor more than the rich?

The damages equation (12) does not capture that global warming hurts the poor more
than the rich, but rather that the relative income loss is equal throughout the income dis-

tribution (cf. Dennig et al. (2015) for a unity elasticity of damages).® However, empirical

SIf equity weights are applied both across space and time, the effects of equity weighting on the
SCC can be significant and will depend on factors such as different growth rates for different regions
or nations (e.g., Anthoff et al., 2009; Nordhaus, 2014). Depending on the assumed intraregional income
distribution, estimates of the equity-weighted SCC may be more than twice as high if national rather
than regional impacts are used (Anthoff et al., 2009). Equity weights based on a social welfare function
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evidence suggests that poorer countries suffer the brunt of climate change. Furthermore,
poorer households in rich societies are also more adversely affected by global warming. If
societies have a greater intragenerational inequality aversion and account is taken of the
fact that the poor are hurt more by global warming damages than the rich, the equity-
weighted SCC is higher (Mirrlees, 1978; Jacobs and van der Ploeg, 2019). In principle
one could use consumption after global warming damages to define EDE consumption
to capture this effect. If the poor are hurt relatively more than the rich by damages
stemming from global warming, then it can be shown that EDE consumption corrected
for global warming damages will be lower (see Appendix B). Assuming that the distri-
bution of the costs and benefits of the climate mitigation investment remain constant, a
regressive distribution of climate damages is isomorphic to increasing intragenerational

inequality. This implies that the SCC evaluated under the EDE approach is higher.

6 Adjusting the SCC for intra- and intergenerational

inequality and economic uncertainty

The EDE approach has an intuitive social welfare function (see equation (5)) and provides
a simple and natural framework within which to introduce uncertainty and catastrophic
impacts. In this section we use this approach and model uncertainty in the development of
per-capita (mean) consumption with a stochastic diffusion process. In particular, we con-
sider uncertainty about future economic growth prospects and assume that the stochastic

process for mean consumption is given by geometric Brownian motion with drift. Hence,
dc]™ " = 9" dt + v dWy, (26)

where ¢ denotes the drift, v denotes the volatility, and W, is a unit Wiener process.
mean — cmean oxn (9 — v?/2)(s — t) + vWs) .
V(s=t) gmean and F; (In ¢ / In ¢ = (9 —

v?/2)(s —t) and time-varying variance var (") = e20(s=0) (eV* (50 _ 1)(¢rean)2 g > ¢

The stochastic process (26) has the solution ¢

where the expected value equals E; [¢7""] = e

To allow for a coefficient of relative risk aversion, v, that is separate from the coefficient
of intergenerational inequality aversion, w, we adopt recursive preferences (Kreps and
Porteus, 1978; Epstein and Zin, 1989; Duffie and Epstein, 1992a,b). The social welfare

and attitudes towards equity and justice have been used to allow for international equity weights where
from the standpoint of which cost of carbon to use by national policymakers it is crucial to weigh liability
towards foreigners correctly (e.g., Anthoff and Tol, 2010)
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function is then no longer given by the expected utility specification (5), but by the

recursive formulation

(e 27) —1]. 27
Solen

B < DB . EDE _ S
W, = E, [/t fles™2 , Wy)ds| with f(c7", W) = 60W [((1 W)

For w = 1 the aggregator function is f(cEPF W,)ds = §(1—~)W In (W) Here
w denotes the coefficient of intergenerational inequality aversion (or inverse of the elasticity
of intertemporal substitution) as before and «y the coefficient of relative risk aversion. If the
coefficient of relative risk aversion exceeds that of intergenerational inequality aversion,
policymakers prefer early resolution of uncertainty. Instead of using the growth-corrected
interest rate RFPE = r, — g with r; the deterministic SDR given in equation (8) and

g =1, Appendix C shows that the discount rate used to calculate the SCC now equals

1
RFPE = 3§ wiy, —  wnh o — U — (1 + w)yv? v?
~~ + ~~ \TL/ ~— 2 ( + )7 + l//
impatience  affluence  1iging inequality ~ rising damages N——~———" insurance
prudence (28)

=0+ (w—1) (19— %7@2> — wnh.

The SDR consists of the usual impatience and wealth/affluence effects and a negative term
to reflect the rising intragenerational inequality of incomes associated with growth of the
economy. It also has a negative term to correct for global warming damages rising in line
with growth of the economy. In a stochastic world there are two further terms. First, a
prudence effect which depresses the SDR especially if the coefficient of relative prudence
(1 + w), risk aversion () and volatility of economic growth are high (Kimball, 1990;
Leland, 1968). Second, an insurance effect which captures that in future states of nature
economic growth is associated with high global warming damages (which are proportional
to aggregate economic activity). This leads to a higher SDR and discount rate to calculate
the SCC, reflecting this systematic consumption risk and insurance motive. ¢ The SCC

corresponding to the discount rate (28) is thus given by

- lel mean
oCC = (5 + (w—1)(¥ —yv?/2) — wnh) Neo ’ (29)

SWithout the rising inequality and insurance terms, the SDR becomes r; = § + wi — wv?/2 if the
coefficient of relative risk aversion coincides with the coefficient of relative intergenerational inequality
aversion, i.e., v = w (Gollier, 2011a; Arrow et al., 2014).
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where the denominator of this expression is given by the return on risky assets minus the
rate of economic growth, i.e., R =1, — 9.

Equation (29) can be extended into two directions. The first one is to make damages
proportional to (Ncmm)# where (3 is the so-called climate beta which we have so far
assumed to be unity (cf. Dietz et al., 2018). The case where damages are proportional to
aggregate economic activity (i.e., “multiplicative” damages) corresponds to § = 1 and the
case where damages are unrelated to aggregate economic activity (“additive” damages)

corresponds to 5 = 0. For general (3, the discount rate given in equation (28) becomes

1
R = 0 wy — Y — wnh — (14 w)yv? v?
O+ wd U U (L +w)yv’+ By
impatience  affluence  rising damages  yiging inequality N——~———"  insurance (30)
prudence

= G+ (= B — k) — S+ 1 - 28307

(see end of Appendix C). A climate beta less than one depresses the insurance effect and
hence also depresses the SDR. Dietz et al. (2018) argue that the climate beta is close to

unity for maturities up to one hundred years.” The SCC corresponding to (30) becomes

X161 mean
5CC = (5+(w—6)(9—nh)—%(w+1—26)w2) N 3

where the denominator of this expression equals R. Note that if 5 = 1, equation (31) boils
down to equation (29). If damages are less than proportional to economic activity, i.e., 5
< 1, the denominator R is higher and the SCC lower than if 8 = 1 provided ¥ —nh > yv?2.
In that case, the negative effect on the SCC of damages growing less rapidly than the
economy dominates the positive effect on the SCC of the insurance terms being smaller.
The second extension of equation (29) is to allow for the risk of rare macroeconomic
disasters as well as for conventional macroeconomic risks (captured by geometric Brownian
motion) on the growth rate of the economy (e.g., Barro, 2006). Disasters occur with
probability A and destroy a proportion [ of mean consumption. The recovery ratio is

denote by Z = 1 — [. The generalised expression for the discount rate used to calculate

"The positive effect on this beta of uncertainty about exogenous, emissions-neutral technical change
swamps the negative effect on this beta of uncertainty about the climate sensitivity and the damage
ratio. Mitigating climate change thus increases aggregate consumption risk and calls for a higher SDR
for discounting expected benefits of emission cuts. But the stream of undiscounted expected benefits also
increases in this beta and this dominates the effect on the SDR.
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the SDR (see Appendix C) (28) becomes

R=6+(w—1) (19 —nh — %w?) - (E [Z77—1] + (“’ — 7) (E[Z'] - 1)) . (32)

v—1
We assume that the recovery fraction has a power distribution f(Z) = aZ*"! defined on

the interval Z € (0,1) with a > 0.

Proposition 3. The initial social cost of carbon under the EDE approach adjusted for
both inequality and for normal and rare disaster risks in the rate of economic growth with

damages proportional to economic activity, i.e., f =1, equals

161 Negmean
5+ (w—1) (9 — nh — Lye?) — A (E (Z-7 —1] + (ﬂ) (B[Z1-7] — 1)))

SCCy = . (33)

v—1

where ¥ denotes the drift and v the volatility of the geometric Brownian consumption for
individual consumption, \ the probability of a macroeconomic disaster, and Z the fraction
of consumption that remains after a disaster. The denominator of this expression equals
the growth-corrected discount rate R. If the fraction remaining after a shock follows a
power distribution, we can substitute E[Z7] = a/(a — ) and E[Z'7] = a/(a+ 1 —7)
into the expressions for R and SCCy.

Proof. The result follows from equation (32) when g = 1.
O

This expression for the SCC allows for intra-generational and intergenerational in-
equality aversion and for risk aversion. It takes care of widening inequality arising with
growth (via the term —(w—1)nh), conventional macro risks (via the term —(w —1)yv?/2),

and the risk of rare macroeconomic disasters (via the last term in the denominator).

7 Calibration

We now calibrate our model before quantifying our analytical expression for the SCC
using a range of values for the coefficients of relative intra- and intergenerational inequality
aversion and risk aversion. We assume a rate of pure time preference of 2% per year (§
= 0.02), and an average growth of per-capita consumption of 2.0% per year (¢ = 0.02),
which is the average growth rate of global GDP in the “middle of the road” projection
of the Shared Socioeconomic Proposals (SSPs) over the 21st century (SSP2), see Riahi
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et al. (2017).% Moreover, we use the World Development Indicators (WDI) for data on
GDP, population, PPP exchange rates and, using 2015 as base year, we use a population
N = 7.28 billion and a per-capita level of global GDP (using 2005 $USD[PPP]) of ¢j*«*" =
$13,993 in 2015.

Quantification of the SCC also requires estimates of the central parameters of our anal-
ysis of intragenerational inequality, i.e., inequality aversion w and the change in inequality
h. On global income inequality, we first construct a country-level dataset on household
deciles combining data for about 155 countries based on the UNU-WIDER, World Income
Inequality Database (WIID) and data from Lakner and Milanovic (2016) and Milanovic
(2016). We then compute the world distribution of income among all citizens (Concept 3
inequality of Lakner and Milanovic (2016) and Milanovic (2016)), and compute the aver-
age Gini and coefficient of variation over the last thirty years until 2019. We find that after
a rise after 1990, inequality at this level has been almost steadily declining. This latter
effect is largely due to economic growth in China and other emerging economies, yet over
the last years the decline in inequality has slowed down. The global Gini index declined
from about 0.7 to 0.63 up to 2010 (in line with the estimates of Milanovic (2012)), then
declined further to about 0.59 in 2015. In particular, for 2015, we estimate a coefficient
of variation of C'V = 1.41. Based on the WDI and SWIID statistics for 2015, we thus
initialise our distribution by the parameters jo = 8.98 and 02 = In (1 + CVZ) = 1.100163.
These estimates characterise the initial income distribution and hence inequality in the
global economy.

With regard to changes in inequality, h, we first compute the world income distribution
combining country-level population and GDP projections from Riahi et al. (2017). These
are combined with historical household income deciles and projections of future income
inequality based on Rao et al. (2019). From this we obtain global projections of changes in
income inequality for the 21%¢ century. Our best-guess estimate reproduces the inequality
level of the average historical trends scenario (SSP2) in 2100 reaching a lower global
Gini index of about 0.51. In this scenario growth is inequality-reducing, leading to our
central estimate (h = —0.0043) (see the dotted lines in Figure 1). We develop two further
scenarios for sensitivity. The first assumes a slow increase inequality, so that h is positive
(h = 0.0006) as in SSP4. The second assumes a faster decline in inequality than the
central case (h = —0.011), which reflects the trend in the last decade (indicated by the

dashed lines in Figure 1). Figure 1 illustrates the SSP scenarios and what our linear

8An annual rate of 2% also reflects the view of experts on social discounting from the economics
profession found in Drupp et al. (2018)
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characterisation of the associated changes in inequality implies for our three scenarios.

Figure 2 shows that recent empirical estimates of global damages as proportion of
GDP can be approximated reasonably well by linear functions in temperature change.
Each dashed line in Figure 2 gives an empirical relationship between the damages as
percentage of GDP versus temperature for a variety of studies. The solid lines are the
linear approximations to these dashed line for each study. These approximations have
been estimated using linear regressions for the temperature range 1-4 degrees Celsius,
where in each case the estimated linear regression function is constrained to have the
same value at 1 degree Celsius as the empirical (dashed) damage functions.

Between 0 and 1 degrees Celsius the dashed and solid lines coincide, and the linear
approximation (solid line) connects to the empirical functions at 1 degrees Celsius. The
linear approximations are accurate in this range, particularly for studies 3) and 4). Beyond
4 degrees Celsius, studies 1) and 2) begin to diverge due to their quadratic nature. We
focus on the range between 1 and 4 degrees Celsius as the policy relevant range, but
note that the analysis could be extended beyond 4 degrees Celsius. Within this range,
the R-squared for each study is above 95%. For the calibration in this paper, we use the
damage function given by Kalkuhl and Wenz (2020) (in red), which results in x; = 0.0345
or a loss of 3.5% of GDP per degree of global warming.
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Figure 1: Historical GDP per capita and inequality and for different SSPs Each panel shows
historical trends from 1990 until 2020 in, from left to right; per capita GDP, the Gini coefficient and the
coefficient of variation. In each case projections from 2020 to 2100 based on the SSP scenarios. For the
coefficient of variation, the dotted lines reflect the linear trend assumed to calibrate h in our estimates

of the SCC.
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Figure 2: Estimates of Climate Damages as a Proportion of GDP and their Linear Ap-
proximations. The figure shows empirical global damage functions from four influential papers on the
estimation of climate damages which are routinely referred to in integrated assessment studies: i) Nord-
haus and Moffat (2017); 2) Howard and Sterner (2017); 3) Burke et al. (2015); and, 4) Kalkuhl and Wenz
(2020). 1) and 2) are meta-analyses, 3) and 4) stem from the new climate econometrics literature and
use detailed micro-granular data to establish the relationship between GDP/GDP growth and weather
data.
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With regard to the climate and impacts we use a transient climate response to cumula-
tive emissions of 1.8 degrees Celsius per trillion tons of carbon. This value is at the center
of the "likely” range (1.0-2.5°C) of IPCC 5th Assessment Report (AR5). To estimate the
marginal damage function we draw from several sources. Nordhaus (2017) calibrated the
damage ratio as 0.236% loss in global income per degree Celsius squared, so the marginal
damage ratio is 0.944%, 2.1% and 8.5% of world GDP at, respectively, 2, 3 and 6 degrees
Celsius relative to the preindustrial level. As shown in Figure 2 more recent literature
tends to suggest a linear relationship between temperature and damages as a proportion
of GDP. For our central estimates we use a linear approximation of the damage function
estimated by Kalkuhl and Wenz (2020) (see Figure 2, which lies in between the extremes
of Nordhaus (2017) and Burke et al. (2015). This results in x; = 0.0345 or damages of
about 3.5% of GDP for each degree Celsius of global warming.

8 Quantification of the social cost of carbon

8.1 Deterministic results

Table 1 reports the results for the SDR and the SCC for the deterministic case without
macroeconomic uncertainty or catastrophic risks. Consider the benchmark case with
unit coefficients of relative intra- and intergenerational inequality aversion (n = w =
1). If economic growth does not affect intragenerational inequality (h = 0), the SCC is
$85/tCOs. If growth is associated with slow convergence in income per capita as estimated
in our middle of the road scenario (SSP2) with h = 0.05, the SDR increases while the
SCC is reduced to $70/tCO, (and further to $55/tCO, for a very fast convergence in
incomes per capita). However, if economic growth is associated with increasing inequality
per year (h = 0.0006), the SDR decreases and the SCC rises to $88/tCOs.

The effects of intragenerational inequality aversion 7 are as follows. If economic growth
is neutral and does not affect intragenerational inequality, the parameter 7 is irrelevant for
the SDR and the SCC. However, if economic growth is inequality-increasing (h > 0), then
reducing the coefficient of relative intragenerational inequality aversion from 1 to 0.5 curbs
the SCC slightly from $88/tCO2 to $86/tCOs. The reason is that with lower aversion to
intragenerational inequality the growth in EDE consumption is lower and thus the decline
in marginal utility of EDE consumption is lower too. The welfare effects of inequality
are lower, leading to a lower SCC and a less ambitious climate policy. Conversely, if

intragenerational inequality aversion is increased from 1 to 1.5, the SCC increases slightly.
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Figure 3: The SCC as function of intragenerational (1) and intergenerational inequality
aversion (w) without stochastic shocks to the economy. The SCC is calculated from equation
(16)—the EDE approach. SSP4 has inequality-increasing growth and is approximated by A = 0.006. SSP2
has inequality-decreasing growth and is approximated by h = —0.0043. SSP1 has sharply inequality-
decreasing growth and is approximated by h = —0.011.
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Figure 4: The SCC as function of intragenerational (1) and intergenerational inequality
aversion (w), with stochastic growth of the economy. The SCC is calculated from equation (33)—
the EDE approach. Macroeconomic risk (geometric Brownian motion) has drift 9= 2.5%//year, volatility v
= 2%/+/year, and disaster risk probability is m = 1.7% /year, with size E[d] = 0.29% (E [(1 — d)™*] = 7.69
and F [(1 - d)_3] = 4.05.. § = 2.0%/year, relative risk aversion to v = 4, the elasticity of intertemporal
substitution 1/w = 2. The SSP4 scenarios are as in Figure 3
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Table 1: Social Cost of Carbon for different specifications [$/tCO2], deterministic results

n | w SCCina SCCle

h | =]0.0006] 0 [-0.0043]-0.011[0.0006 | 0 |-0.0043 |-0.011
1 [ 1] 904 | 8 | 594 [ 405 | 876 | 85 | 69.9 | 5438
05| 1 [ 87.6 [ 85 | 699 | 548 | 863 | 8 | 76.7 | 66.6
15] 1 ] 934 | 8 | 51.7 [ 321 | 89 [ 8 | 643 | 466
1 [05] 1868 | 170 | 103.3 | 64.1 | 175.2 | 170 | 139.9 | 109.6
1 [15] 59.6 |56.7] 41.7 | 29.6 | 584 [56.7| 46.6 | 36.5

Now less (more) intragenerational inequality aversion leads to a lower (higher) SDR and
a higher (lower) SCC. The reason for this opposite result is that policymakers faced with
falling inequality over time, faster rising EDE consumption, and a faster decline of the
marginal utility of EDE consumption, choose to have a more (less) ambitious climate
policy.

The effects of intergenerational inequality aversion, w, are as follows. If economic
growth does not affect intragenerational inequality (A = 0), more intergenerational in-
equality aversion raises the social discount rate and thus reduces the SCC. If economic
growth goes together with rising (falling) inequalities in per-capita consumption, this
effect is qualitatively the same except that the SCC values are higher (lower). These
complex relationships are summarised in Table 1 and Figure 3 for each of our three
inequality-growth scenarios. With regard to the differences between the individual and
the EDE approach, Figure 5 in Appendix D shows how the SCC under the individual
approach varies in a similar way with w and 7. Note that the differences between these
two approaches are generally relatively small (less than 5%). We favour using the EDE
approach in part because it is more tractable, but also because the assumption that in-
tragenerational inequality is assessed and internalised in each period by the EDE income

seems closer to the way in which a policy maker assesses societal inequality in practice.

8.2 Stochastic results

We follow the calibration of Barro (2009) which attempts to explain the equity-premium
puzzle with a relatively high value of risk aversion (v) compared to the elasticity of in-
tertemporal substitution and with risk of rare macroeconomic disasters. The conventional
macroeconomic risk (captured by geometric Brownian motion) is calibrated with a drift
of ¥= 2.5%/year and a volatility of v = 2%//year. The macroeconomic disaster risk

is calibrated so that the probability of a macroeconomic disaster is m = 1.7%/year and
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Table 2: Social Cost of Carbon under the EDE approach [$/tCOz2], stochastic results

|

S

| SCCou

= | +0.0006 | 0 |-0.0043 | -0.011

1 87.6 85 69.9 54.8
05| 1 86.3 85 76.7 66.6
1.5 1 89 85 64.3 46.6
1 105 88.4 87.1| 784 67.9
1 |15 86.8 83 63.1 46

n
h
1

the expected size of a macroeconomic disaster is 1.5% (I = 0.015), which for the power
function distribution yields a parameter of o = 65.66. Furthermore, relative risk aversion
is set to v = 4. For h = 0, this calibration implies that an increase in the volatility
Y by 10% requires an increase of 0.38% in endowment for all years to be compensated
for the increase in uncertainty. For a 10% increase in disaster risk, this figure for the
compensation endowment rises to 2.6% each year.

To illustrate the effects of conventional macroeconomic uncertainty and the risk of
macroeconomic disasters on the SCC, Table 2 presents similar results as Table 1 high-
lighting the effects of changing intragenerational inequality alongside different levels of
intragenerational inequality aversion.

For a value of w = 1.5 as in DICE, we see that with inequality-neutral growth the
SCC $57/tCO4 in the deterministic case to $84.6/tCO, with macroeconomic growth and
catastrophic macroeconomic risks, an increase of almost 50%. With intragenerational
inequality declining over time, this impact is reduced, and at h = —0.0011, the SCC falls
from $36/tCOq to $45/tCO5 and the markup is thus only 25%. On the other hand if
w = 0.5 < 1, the uncertainty affect on the discount rate is negative and lowers it by
approximately half. With inequality-neutral growth, the SCC drops from $170/tCO; to
$83/tCO,. Note that for logarithmic intertemporal utility (w = 1), the uncertainty about
the rate of economic growth does not affect the SCC, which highlights the importance of
disentangling the different degrees of aversion to intertemporal fluctuations, intragenera-

tional inequality and risk in the welfare functions used.

9 Conclusion

We have shown how the social discount rate and the social cost of carbon can be adjusted
to allow for intra and intergenerational inequality in society and for intra and intergen-

erational inequality aversion. The result is a novel and highly tractable formula for the
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SCC. We have used this formula to calculate the SCC calibrated to updated estimates of
the climate damage function based on Kalkuhl and Wenz (2020). In addition, we have
extended our results to allow for uncertainty in the growth of mean per-capita consump-
tion over time, and the risk of macroeconomic disasters. This allows us to identify the
most important determinants of the SDR and the SCC, and the relative importance of
inequality and inequality aversion, both inter- and intragenerational, compared to risk
and uncertainty.

Our main insights are that, if economic growth is associated with rising (falling) in-
tragenerational inequality, the social discount rate is lower (higher) and the social cost of
carbon higher (lower) than it would be compared to a scenario where economic growth
does not change intragenerational inequality over time. These effects increase with the
coefficients of intra and intergenerational inequality aversion. Based on historical data on
the global income distribution showing an inequality-reducing trend since the 1990s, we
have estimated several scenarios of inequality and economic growth over the 21st century,
and argue that a (slow) continuation of this trend seems most probable. This trend results
in a reduction of the social cost of carbon from $85 to $70 per ton of C'O, in our main
specification.

Concerned policymakers find the future more (less) important relative to the present as
intragenerational inequality rises (falls) over time, and the gap between mean and Equally
Distributed Equivalent (EDE) consumption grows over time. Higher intergenerational
inequality aversion increases the effect of the trend growth of mean consumption on the
social discount rate and thus reduces the SCC. However, intergenerational inequality
aversion also amplifies the negative effects of macroeconomic uncertainty and disaster
risk on the risk-free social discount rate and thus increases the SCC, especially if the
volatility of macro uncertainty is high and macro disaster risk is large.

We have put forward a generalised framework for evaluating the social discount rate
and the social cost of carbon under various types of inequality and risk, which can nev-
ertheless be further extended in various directions. First, our analysis can be improved
by considering inequality between and within countries. Future work could also use more
realistic distributions than the lognormal. For example, while the lognormal provides an-
alytically convenient expressions, the Pareto distribution may be used to better capture
the top tails of the income distribution. Such extensions will require numerical evalua-
tion of the SCC. Second, damages from global warming might be a nonlinear function

of temperature and of cumulative emissions. In that case, a perturbation method or a
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numerical algorithm must be used. Third, as shown in Appendix B, global warming might
hurt the poor more than the rich. The calculation of the SCC should take this into ac-
count with a more detailed calibration. Furthermore, just as our approach has taken into
account catastrophic risks across time, future models ought to assess the the prospect of
catastrophic damages to households or countries with already low incomes, which would
increase the welfare effects of climate change. Fourth, the social discount rate may decline
with the length of the horizon.

We abstract from persistence in the growth dynamics and uncertainty about the drift
or volatility parameters, which could lead to a declining term structure of discount rates
(Gollier 2008, 2013; Freeman and Groom, 2016). Nevertheless, by using the certainty-
equivalent social discount rate, which embodies the uncertainty in, and persistence of,
future growth rates one could then calculate the social cost of carbon (see e.g. Newell et
al., 2022 for a proposal).

This occurs if the discount rate is constant but uncertain as then the certainty-
equivalent value of the social discount rate will be falling over time

9 Fifth, a heterogeneous-agent model of the macro-economy augmented with a climate
block in which the distributions of incomes and wealth evolve endogenously together with
the accumulation of capital is more realistic than an endowment economy. ' Finally, it
is important to investigate how carbon pricing and in particular the recycling of revenues
can affect inequality and thus welfare outcomes and how this should affect the optimal
environmental policies to be implemented in practice (e.g., Klenert et al., 2018). This

paper provides a foundation for these proposed extensions.
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A Different quantiles of the income distribution

We can write the EDE also for any quantile of the distribution, which implicitly assumes
a representative agent at a given quantile. This links one to one to the level of relative
inequality aversion considered. For the lognormal distribution, the growth rate of mean

income of any quantile p can be computed as

—quantile 1 1 - 1
g7 = (e = po) + 57 (0F — 03)0 V) (p — quantile) (A1)

where @' denotes the inverse of the cumulative distribution function of the standard
normal distribution.

This formula shows how for each chosen quantile and degree of relative intragen-
erational inequality aversion the growth rate of the EDE level of consumption can be
computed. That is, each level of intragenerational inequality aversion implies an EDE
growth rate that reflects a particular quantile of the income distribution. To answer
which quantiles are the relevant ones to consider for a given level of relative intragener-
ational inequality aversion, we note that if ¢~!(p — quantile) = 1 — n holds, the given
quantile growth rate and EDE growth rate coincide. Hence, p — quantile = ¢(1 —n) gives
the quantile for a decision maker with relative intragenerational inequality aversion of 7,
which can be considered as the representative agent, see also the application to country
level growth rates in Turk et al. (2020). For n = 1 (logarithmic utility), the quantile is
just 0.5 or the median. For n = 2, this corresponds to the 15% quantile, and for n = 4 it
corresponds to the 0.1%th quantile. This shows how strongly relative intragenerational
inequality aversion impacts which quantile corresponds to EDE income. For n = 0, we
have inequality-neutral growth which corresponds to the 84%th quantile. This reflects
that higher growth of higher incomes contributes more to average per-capita growth. We
can use this for empirical purposes but also to compute the desired SCC for different

quantiles.
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B The case where income and impacts are correlated

In the main part of our paper, we have considered marginal impacts from climate change
of unity across the full income distribution. This can be generalised to allow for any dis-
tribution of impacts and notably allowing for correlation with the income of citizens. The
latter is important given that evidence is emerging that climate impacts affect poor coun-
tries more negatively than rich countriesr (Diffenbaugh and Burke, 2019), while within
countries evidence is less conclusive.

Now suppose that consumption is equal to income minus impacts or damages (¢ =
y(1—d)) and as before consumption is lognormally distributed. First, note that if damages
are uncorrelated with income, due to the (reasonable) multiplicative specification, the
results are identical to the constant damage used in the main text. In particular, we
know that then the growth of EDE consumption, which determines the wealth effect in
the calculation of the SDR, is equal to

gtEDE — gmean +1 (gmedian o gmean) — gmean o 0577AO’3 (AQ)

Now instead if we assume that (1 —d) and income, y, are jointly bivariate lognormally
distributed with correlation coefficient p, so that d and y are correlated as p,q = —p.

Then due to the laws for a product of two bivariate lognormal variables, we have

gfPE = (gvmeem — ghmeen) — 0.5n [Aok + Aoy — 2pyalo, Acy] (A-3)
Tpoay + Npyala,Aay.

Compared to the situation where damages are uncorrelated to income (where gZP% =

giffo), now if the rich are hit more severely than the poor (p,q > 0), g¥P¥

is increased
because inequality is reduced (high incomes are attenuated compared to lower incomes).!!
The opposite is true when the poor are hit more strongly than the rich, i.e., if p,q <
0. Since gPP¥ determines the social discount rate and hence the social cost of carbon
through equations (7) and (15) monotonically, the comparatives are straightforward: an
increase in the correlation leads to an higher SDR and SCC, and vice versa. Under
different distributional assumptions, or the individual approach, or adding uncertainty,

these results will however change, and we leave this for future research. Yet, this first

1 This assumes that Aoy > 0, which is trivially the case as climate damages are higher in the future.
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result indicates that in climate damages that are regressive indicate an optimal carbon

price that is higher ceteris paribus.

C Derivation of equation (28) for the social discount

rate under uncertainty

Let us first abstract from intragenerational inequality and inequality aversion, so ¢; refers
to consumption of the representative consumer or mean consumption at time ¢t. Welfare

is given by the recursive formulation:

W=l f(wds (A1)
t
w = 1, where § = 1=X (Duffie and Epstein, 1992).
Assume that mean consumption follows a geometric Brownian motion with jumps:
dc = Yedt + vedW —ledJ, (A.5)

where W is a standard Wiener process, ¢ denotes the drift and v the volatility of the
geometric Brownian motion, and J is a jump process with (downward) jump size [ € (0, 1)
(as fraction of consumption) and intensity . Let the remaining fraction after a jump,
Z =1—1, have a power distribution f(Z) = aZ% ! with a > 0 defined on the interval Z
€ (0,1), so that F'[Z"] = ..

With temperature a linear function of cumulative emissions, and the damage ratio linear
in temperature, marginal damages from global warming are proportional to aggregate
consumption and temperature, i.e., x1(1 N¢, where N denotes the number of households
in the economy, (; the transient climate response to cumulative emissions, and y; the
damage coefficient (the marginal effect of temperature on the damage ratio). Under these

assumptions we have the following proposition.

Proposition C.1: The social cost of carbon is given by

SCC, = X;%Cl Ne, (A.6)
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where the discount rate used to calculate the SCC is constant and given by

1
R=6+(w—1) <19—§w2) +AE [1—2—7 1= Cf(zl -1, (A7)
/y —
or R=0+ (w—1) (J— 37?2 + A <—— + o ) . To allow for intragenerational in-

equality aversion, replace ¢ in equation (A.7) by ¢ — nh.

Proof: The value function W = W (C') gives welfare to go for the problem of maximising

(A.4) subject to (A.5) and can be solved from the Hamilton-Jacobi-Bellman equation

0=f(c,W(c)+ W' (c)ct+ %W" (c) v* + AE W (Zc) — W(c)) (A.8)

1
and W”(c) = —yX'=7 ¢! Upon substitution into equation (A.8) and dividing by

(X¢)'™", we obtain

Conjecture that the value function has the form W (¢) = %, so W/(c) = X7 ¢

J

w— 1 -
This can be solved for the constant
— |71 - 1—_w _ 1 2 L 1-y] _ ©t
X = l1 5 {19 T (E[Z2'7] 1)H : (A.10)

Duffie and Epstein (1992) show that the SDF for this specification of recursive utility is

H, — exp (/Ot For (ca, TV ds ) £ (e W), (A.11)

where equation (A.11) implies that the SDF satisfies

dH _ dfu(c, V)

T~ (e i) + fw (e, W)dt. (A.12)

From equation (A.4), fo = )W]**1 =0c XYY = g(c). Ito’s lemma gives df.(c, W) =
0

dg(c) = g'(c)dc + 1g"(c)c? th + (g((1 =1)¢) — g(e)) dJ, where ¢ indicates the contin-

uous part of the process for ¢ (ignoring jumps), so that % = —y (Vdt + vdW) +

27 (1 +7) v2dt + [Z77 — 1] dJ. Using these two relationships, equation (A.12) gives
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H 1
dF = fwdt — v (9dt +vdW) + o7 (v + 1) Vidt+ [Z77—1]dJ (A.13)
where using 6 — 1 = =1 and the value function with X from equation (A.10) yields
fw =
50— 1) [(1—7) W] 7 —60=6(0—1) X" — 60 (A14)
1 A _
:—5—(@—’7){’[9—5’7V2+:(E[Z1 7] —1)}

In equilibrium, the risk-free discount rate equals minus the expected rate of change of the
SDF, so that (using equations (A.12) and (A.13) and E [dW] = 0) we have

1 1
rp=0+wi+(w—"7) [—571/2 + ﬁ (E[z"] - 1)} — 57 (v+1)v*=XE[Z77 —1].
(A.15)
Collecting terms, we obtain
1 9 _ W=7/ ,1_
rF:5+w19—§(1+w)71/ — A\E ZV—1+—1(Z T—1)]. (A.16)
f}/ —

Note that the term structure for the safe rate is flat. The SCC is obtained from

SCC,=F {/ X1C1Hs—tNCs—tdS] =xiGNE [/ Gs_tds] , (A.17)
t t

where G = Hc. Note that de = de® — ledJ. Combining equations (A.13) and (A.5) and

using Ito’s lemma, we obtain

dG dH dec d{(H,c)
= =4

i (A.18)

He 7

1
+§7(7+1)y2dt+ [(Z77—1]dJ +

where (H,c), = 1 ((H + ¢), — (H), — (c),) are the covariances or cross-covariances of the
stochastic processes H and ¢, and (c),, (H), and (H + c), are the quadratic variations of
the processes ¢, H and H + ¢ (all of the continuous parts only). Using (dW,)* ~ N (0, dt)
and ignoring terms such as dtdW and (dt)*, d(c), = (d¢,)* = v?dt, d(H), = v*V*Hdt,
d(H +c), = (c — vH)*?dt, and thus %9 — 4123t Substituting this and expression
(A.14) into equation (A.18) and taking expectations gives the risk-adjusted discount rate
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used to calculate the SCC, R, as minus the expected rate of change of G, i.e.,

R=6+(w—1) (19 - %WQ) —\E [Z‘V -1+ % (Zz'7=1)]. (A.19)
The sum of the prudence term, —% (1 + w)~yv?, and the risk premium, yv?, gives the
term — (w — 1) 2922 in equation (A.19). Equation (A.19) corresponds to equation (A.7)
of Proposition C.1. Equations (A.16) and (A.19) give the difference between the discount
rate used to calculate the SCC, R and the safe rate as m = R — rp = yv2 — ¢. The term
1?2 is the premium for GBM risk, and —9 corrects for expected growth in the economy
and marginal damages. The SCC is obtained by substituting (A.19) into (A.17). B
Note that the safe rate (A.16) corresponds to Hambel (2021, equation (6.3)) (without
temperature interaction risk). Various special cases of the discount rate (A.19) have been
used in the literature. Golosov et al. (2014) have no jumps and logarithmic utility,
(w=mn=1),s0use R=0. Van den Bremer and van der Ploeg (2021) have no jumps but
allow for recursive utility, so obtain R = § + (w — 1)(J — $79v/?) (setting their 0-order
growth rate to ©J) in line with equation (A.19).

To allow for intragenerational inequality, suppose that the drift of EDE consumption
is not given by 6 but by 6§ —nh, where n denotes the coefficient of relative intragenerational
inequality aversion and h the difference between the mean and median drift. We suppose
that intragenerational inequality does not affect macroeconomic volatility of the jump
processes. EDE consumption thus follows a geometric Brownian motion with jumps
dcPPP = (6 — nh)edt + vedW — ledJ. The SCC is thus given by Proposition 3.

To allow for a climate 3, suppose that global warming damages are proportional to

C = ¢? rather than to ¢. The safe rate is unaffected but the SCC is now obtained from

SCC,=F [ / chle_th'ft] = viGNE { / Gs_tds} : (A.20)
t t

where G = HC = HcP. Using the same procedure as before, we obtain the discount rate,

R given in equation (30) and the SCC given in equation (31).
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D The SCC with the individual approach

SCCing with h = 0.0006 SCCing with h = -0.0043 SCCing with h = -0.011

SCCing

W (0 25
B (25, 50]
M (50, 75]
B (75, 100]
7 (100, 125]
(125, 150]
(150, 175]
(175, 200]
(200, 225]
(225, 250]
I (250, 275)
B (275, 300]
B (300, 325]
W (325,350]

Figure 5: The SCC as function of intragenerational () and intergenerational inequality
aversion (w), deterministic approach. The figure shows how the SCC from equation (17), the
individual approach, varies with  and w. SSP4 has inequality-increasing growth and is approximated
by h = 0.006. SSP2 has inequality-decreasing growth and is approximated by h = —0.0043. SSP1 has
sharply inequality-decreasing growth and is approximated by h = —0.011.
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