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Abstract

This article studies the effect of a previously neglected informa-
tion asymmetry on the social cost of carbon (SCC). When the SCC
is determined, a common assumption is that of a global social plan-
ner internalizing the climate damages. Countries are usually modeled
as a representative agent. We argue that the common approach ne-
glects a central determinant of the SCC: national governments that
redistribute between heterogeneous households. We account for this
additional level of governance. This leads to an information asym-
metry between the global social planner and the national government
concerning the redistribution between heterogeneous households. We
show analytically that the SCC depends on national redistribution.
Furthermore, we use numerical methods to estimate the scope of these
effects over a range of utility functions and parameter values.
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1 Introduction

The social cost of carbon (SCC) have been a central measure for efficient
climate policy, as recently highlighted by US Interagency Group (2015) de-
riving a range of SCC estimates to be employed in all US government agency
regulatory impact assessments (Greenstone et al., 2013). A global social wel-
fare function values costs of mitigation against damages, requiring normative
assumptions on inequality aversion between the richest and poorest house-
holds. However, estimates of the SCC frequently rely on regional or country
averages through a representative agent which may substantially decrease es-
timates of the SCC (Dennig et al., 2015). Assuming a representative agent
seems to only be justified if a country authority were to implement opti-
mal redistribution between households according to the global social welfare
function. National redistribution is however a pre-requisite of the national
government, whose preferences may differ from the global perspective. Our
paper examines how distributional decisions at the national level influence
the SCC.

A popular concept dealing with heterogeneity among households or coun-
tries to determine the SCC is applying equity weights. To internalize the
climate externality, global marginal utilities of abatement are weighted by
the marginal utility of consumption in this country, see (Anthoff et al.,
2009; Azar and Sterner, 1996; Azar, 1999). However, these articles usually
assume exogenous transfer schemes within countries, that critically influence
marginal utilities of consumption and hence the SCC. Our article, by con-
trast, determines the SCC when countries differ in their income level and in
the extent of redistribution that occurs within the country, determined by
national preferences. We compare the implications of different preferences
for redistribution on the national level to optimal redistribution, while ex-
cluding the possibility of transfers between countries.

Our main findings are as follows: first, we show analytically that the SCC of
all countries can crucially depend on the redistribution that occurs within
every other country. Especially when national governments reimburse house-
holds only with their tax payments without further transfers, household het-
erogeneity in damages can lead to a large deviation of the SCC as compared
to the representative agent case. On the other hand, if national redistribu-
tion is based on a national social welfare function, we find that the SCC
estimate is likely to differ only moderately if inequality and concavity of
utility is moderate, even if transfers are far from optimal. Second, we use
numerical methods to estimate the size of these effects over a wide range of
utility functions and parameters. These findings add important insights to
earlier literature on the social costs of carbon.

We draw on two important strands concerning the literature on optimal
taxation (for a thorough understanding of the main issues involved in de-
riving the SCC, see Sterner and Kyriakopoulou (2012); Engstrom and Gars
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(2015); Foley et al. (2013). First, the implications of optimal taxation in
the presence of income inequality across countries have been first intro-
duced by Chichilnisky and Heal (1994). They show that in general marginal
abatement costs are equalized in the social optimum only if unrestricted
lump-sum transfers between countries are allowed. Anthoff et al. (2009) re-
strict transfers between countries to zero and show the influence of equity
weighting on the SCC of different world regions, for which households are
aggregated to one representative agent. Dennig et al. (2015) introduce a
more fine-grained sub-regional income distribution and show the effect on
the SCC, which they constrain to be equal across agents. They only consider
exogenous redistribution schemes between agents. Second, we draw on the
literature that analyzes optimal taxation under informational constraints.
This literature started with Mirrlees (1971) who determines optimal non-
linear income taxes in a model in which the government has no information
about the households skill level and has to tax them according to their in-
come without destroying their incentives to provide labor. In contrast to
this literature our model has an additional level of governance — the social
planner — and the constraint does not apply to the information national
governments have about individual households, but to the information the
social planner has about households within countries.

We extend the fundamental model of Chichilnisky and Heal (1994) to al-
low for two levels of regulatory decisions and heterogeneity in households at
the national level. There is an information asymmetry between the global
social planner and the national governments: the social planner is able to
observe the distribution of climate damages, of the costs of mitigation, and
of income on the country but not on the household level and thus needs to
leave redistribution to the national regulator. The global social planner in
our model provides a socially optimal benchmark. It cannot be interpreted
as a federal government as in Roolfs et al. (2017) and hence the possibility
of transfers between countries is excluded. When determining the SCC, the
social planner anticipates different preferences for redistribution on the na-
tional level (as observable on an aggregate level via different Gini coefficients
among countries).

Calculation of the SCC when national preferences take a generic form shows
that there are several additional effects that determine second-best SCC.
First, additional to the internalization of damages across all countries, the
social planner anticipates a possible influence of abatement on national re-
distribution in every country, which changes the sum of the marginal utili-
ties of abatement. Second, since weighted marginal utilities of consumption
are possibly not equalized across households, weighted marginal utilities of
consumption are averaged under anticipation of redistribution to convert
marginal utilities of abatement to the SCC.

We consider two specific redistribution schemes: (i) households are reim-
bursed for their tax payments without further transfer (a common assump-
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tion in the literature on the SCC), (ii) the national government redistributes
according to a national welfare function, which is a weighted sum of house-
hold utilities. For the first scheme we find that if market damages are
homogeneous across households, second-best SCCs differ from optimal ones
due to heterogeneity in income. If concavity of the utility function is low,
differences are likely moderate. However, if damages fall disproportionally
on poor households, the SCC of all countries can change to a large extend.
The second redistribution scheme shows a different behavior. We find that
for the case of an isoelastic utility function and market damages, differences
in second-best taxes are moderate if concavity of the utility function is low.
Interestingly, second-best taxes are equal to optimal ones for a logarithmic
utility function. In this case, the difference of optimal transfers to second-
best transfers may be arbitrarily large, but SCC estimates are unaffected,
justifying the assumption of a representative agent.

In the second part of this article we use numerical experiments to quantify
the influence of suboptimal redistribution on the SCC. We show that the
magnitude of change depends on the form of the utility function, its pa-
rameter values, and the difference in preferences on the global and national
level. Not as a surprise, changes increase as the difference in preferences
grows. Changes are small for a constant elasticity of marginal felicity utility
function when redistribution is based on a national welfare function. The
SCC however changes to a large extend when transfers only reimburse tax
payments and damages fall disproportionally on poor households.

The article is structured as follows: we describe the model in detail Sec-
tion 2. In Section 3 we derive the main results analytically. Section 4 uses
numerical methods to extend the analytical results and Section 5 concludes.

2 The model

Households: In each country 4 there are j households. Households derive
their utility u(c; ;,a) from consumption ¢; ; and from cumulative abatement
a. Their budget constraint is given by:

¢ij + Til€ij — aij) + ¢ij(ai;(7i)) = Lij + Lij, (1)
where 7; denotes the emissions tax in country 4, I; ; is the income of house-
hold j in country i, e;; are the emissions and a;; the abatement of that
household, ¢; ; is the corresponding cost function of abatement, L; ; is the
transfer that household j receives back from pollution tax revenue of coun-
try 2. The total level of abatement « is given by the sum of the individual
abatement efforts, so a = Zl j @i Abatement is performed cost-efficiently,
hence

Oij

=7, Vi 9
P Ti, Vj (2)
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National Government: The national government in country 7 redistributes
the revenues from the carbon tax 7; by adjusting the transfer level L; ; each
household receives. The sum of transfers in each country has to equal the
tax revenue > Lij =7 ) (€ — aij), Vi.

We first analyze a general functional relationship that defines the level of
the transfer L; ; to each household through the constraint Fj ;(L;j,...) =0,
describing national preferences. The global social planner observes the con-
straints F;; and anticipates them when deciding about the optimal tax
rates. Generally, we let F' be a function of the variables of our prob-
lem. The transfer to household j in country 7 is determined by F;; =
F; j(Li g, arm(m), 7)) = 0. The determining variables are: (i) the transfer
levels L;j of all households of country 4, (ii) the abatement levels of all
households, (iii) the tax level 7; of country i. After determining general
results in Sections 3.1 and 3.2, we consider specific transfer in Section 3.3.

Social welfare function: to obtain a socially efficient solution, we max-
imize a super-national social welfare function, that aggregates each house-
holds utility, with w;; being the welfare weight, with the maximization
anticipating national redistribution:

Try Lk 1

max SWF = w; ;- u;(Lij — mi(ei; — aij (7)) + Lij — ¢i5(ai(7:)), )
Z‘7j

st D iy —mi (e —aig)] =0, Vi,
i
Fij(Lig,aim(m), ) =0, Vi, j

where a; ;(7;) is given by (2).

3 Analytical results

This section derives tax rules under different assumptions about the redis-
tribution of the tax revenue. First, optimal taxes are analyzed when redis-
tribution on the national level is determined by the social planner, which
is equal to the representative agent assumption of Chichilnisky and Heal
(1994). Second, we contrast the optimal tax rules to general second-best
taxes when national redistribution takes an arbitrary form. Finally, we
specify two redistribution schemes to show the influence on the tax rates in
the presence of market damages.

3.1 Reproducing the Chichilnisky and Heal (1994)-result

Chichilnisky and Heal (1994) assume that each country or region can be
represented by one agent, which derives utility from aggregate consumption
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of private goods (as one unit of consumption is equal to one unit of produc-
tion in terms of utility). They derive the Pareto Optimum by maximizing
a social welfare function that aggregates individual utilities of regions by
a weighted sum. This implicitly assumes that no utility can be gained by
shifting the consumption good within the country/region. Since, in our
model, we disaggregate each country into subnational agents, we obtain the
Chichilnisky and Heal (1994)-result by allowing for optimal redistribution
within the country, hence dropping the constraints F; ; = 0 from the maxi-
mization. Chichilnisky and Heal (1994) furthermore assume that there are
no transfers between countries, so the government budgets of the individ-
ual countries are given by the pollution tax revenue collected within these
countries.
We find the Pareto-optimal taxes under Chichilnisky and Heal (1994) as-
sumptions hence by solving the optimization problem:

max Zwm‘ ~wij(Lig — Tileiy — aij(mi)) + Lij — ¢ij(ai;(7i)), a)

J | (4)
s.t. Z[Li’j — T (em - aijj)] = O, VZ,
J

The Lagrangian is:

L= wij-uij(lij—7ilei; — aij(7) + Lij — ¢i(aii(7:)), a)
i

+ Z CZ Z[Lz,j — T (61‘7]‘ — ai,j)]

J

The government’s first-order conditions are:

oL Oa
0= — = i i MUA; ;7 ——
oty Z Wisg 7 ot
J ~~
D 8;3;
Oay.; oay.; (6)
+ 3wy (MUC),; | —(eij —aij) +mp—2L — ¢ - 22
; p.J Dy J J P or, 7171] o7,
8az,l
—Gi Z(ez,l az,l) — T Z o
l ! v
and
oL
0= = wpMUC), 4 + (7)

aLP,q
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Here, (MUC);; = 9uii are the marginal utilities of consumption and (MUA); ; =

oc;
% are marginal utilities of abatement of household j in country ¢. From
the last equation we see that weighted marginal consumptions
wp q(MUC), 4 are equalized for the households in each country p.
We can rearrange Equation (6) to give the Chichilnisky and Heal (1994)-

expression for the optimal tax rate:

TCH _ Zi,j meUAi,j
g Wp,q(MUC)p,q

V ¢ in country p. (8)

Hence, as in Chichilnisky and Heal (1994), the marginal costs of abate-
ment in general differ between countries since they exhibit different weighted
marginal utilities of consumption w; ;MUC; ;. As a consequence, poorer
countries with a higher marginal utility of consumption have a lower opti-
mal tax rate if their aggregate weight is at least as high as that of richer
countries.

3.2 Optimal Climate Policy under National Redistribution
and Market Damages

In this subsection we account for redistribution on the national level, and
thus add the constraints F;; = 0 to the optimization of the social plan-
ner. The second-best tax rates are obtained by the following optimization
procedure:

max > wig i g(Lig = 7ileig — aij(ri) + Lij — ¢ij(ai;(7:)), a).
Z'7j
s.t. Z[Li’j — T (ei,j — am')] =0, Vi (9)
J
and F:i,j(Li,kv al,m(Tl)a Ti) = 07 \V/Y,’ ]

The Lagrangian reads:

L= wij-uij(liy—7ilei; = aij(m)) + Lij — dij(ai;(r)), a)
(10)
+ Z Gi Z[Li,j =i+ (eij —aij)] + Zwi,jFi,j(Li,k, arm (1), Ti)-

J 1,

The government’s first-order condition exhibits the same summands as
in the case of optimal redistribution and some additional constraints due
to the anticipation of how redistribution at the national level changes the
optimal carbon tax levels, summarized in the next result.
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Result 1. If a social planner anticipates national redistribution determined
by constraints F; j = 0, second-best tax rates are determined by :

D OF;j Oy
e (e, T, 3 s e

7]
—Cp2m a7 ij m

0Fym 0F,m
+%:‘ij7m Z (ep,j — ap])BL o + ar,

j ),

OF, ,
Cp = — ’pr'MUCpJ‘ — Z 1/11;’[ p,l' Vj

1 0F,;
=7 (-wp,jMUCp,j =t 3Lp )
P j 1 Dp,J

(1)
with hy, being the number of households in country p.

Proof. The first order conditions are.

oL Oa
O_T%_Zwi7jMUAi’j 877'17
i,j N
ot
Oa oay. i
i MUC A _ p:] _ / . P>J
+ ZJ: wp,;( Jpi | —(epj —ap;) +7p o, Pp,j o | (12)
8apl
—Gp Z(ep, ap, —Tp Z
OF; : Oa
+ Z Yij Z da, - p7 Z 1/’177
i, m P
oL 0F,,
= —— = M b, 1
0= L. = UCpq+Cp+ El:wp,, oL, (13)

Equations (12) and (13) can be rearranged to obtain the expression for
second-best tax rates 7. O

This expression for second-best taxes differs notably from Equation (8).
There are two drivers of this difference:

1. The numerator has two additional summands to the internalization of
the externality that account for the distributional decision of national
governments. The first summand takes account of how changes in the



3 ANALYTICAL RESULTS 9

abatement levels of all countries affects national redistribution, which
changes the valuation of an additional unit of global abatement. Note
that the optimal tax rate in country p is generally influenced by the
distributional decision in all other countries 7. The second summand
takes account of the distributional decision within country p itself.

2. Since marginal utilities of consumption are not equalized between
households, the denominator takes account of these differences by tak-
ing the average across all households.

At this point, it is difficult to gain further insight into how the opti-
mal tax rates change for general redistribution schemes. The next section
therefore considers two specific schemes.

3.3 Optimal taxes under two specific national redistribution
schemes

This section looks at two redistribution rules at the subnational level. In the
first scheme, households receive a transfer that matches the exact amount
they paid in taxes. This scheme mimics a common assumption in the
literature (for example command and control regulation). In the second
scheme, redistribution is based on a national welfare function which aggre-
gates households in each country, hence a national social planner endoge-
nously decides on redistribution.

We find that the rules for second-best taxes differ considerably between both
approaches, as expected, and that the shape of the utility function, level and
distribution of damages and costs as well as heterogeneity in income levels
across and within countries influence tax rates. Further, if redistribution
is based on a national welfare function and market damages are present,
changes in tax rates to the case when redistribution is optimal are only
moderate in magnitude. Most importantly, while the tax rates under opti-
mal and national redistribution can be the same in some cases, second-best
transfers may differ to a large extent to first-best transfers.

3.3.1 Transfer rule 1: Reimbursements of taxes

If we set the redistribution rule such that households expenses in taxes are
fully reimbursed by the national government (or climate policy is imple-
mented for example through command and control without further redistri-
bution) the constraints become:

Fij(aim(m), Lig, i) = Lij — 7 - (€55 — aij) = 0.
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We can determine all terms in Equation (11):

W:{ i=pj=m

dapm 0 else

OF,

aii:l = —(epm — apm) (14)
0Fpm _ 1 m=gq

0L, 4 0 else

to derive a rule for the optimal taxes in all countries:

0
i wif(MUA); 3%, g
_ o 0%
Zj Wy, MUCy,; gf:

Tp

(15)

The second-best tax rates look similar to the optimal case TEH under opti-
mal national redistribution in equation (8), but can, as we will see, turn out
to be quite different in magnitude.

These differences in magnitude infer from differences in the denominator:
As opposed to equalized marginal utilities of consumption for each country
as in the Chichilnisky and Heal (1994)-case, the denominator in Equation
(15) contains a sum of weighted marginal utilities of consumption, each mul-
tiplied with a measure of the costs of abatement born by each household.
The multiplier can be derived from equation (2) through the implicit func-
tion theorem: ag’;’m = (0*¢pm/ 8@123’,71)71. Hence, if households with higher
weighted marginaf utilities of consumption have steeper marginal abatement
costs, the denominator becomes smaller and the optimal tax becomes larger

(all else equal).

In the following we assume that abatement costs are equal across house-
holds. We further consider only market damages, meaning that the utility
function takes the following form: w;;(c;j,a) = u;j(c;i; + bij(a)), where
b; j(a) are the benefits derived from abatement. Under these assumptions,
we can derive the following result:

Result 2. Assume that abatement costs and damages are equal across house-
holds and that there are only market damages. Then, second-best tax rates in
the case of transfer scheme 1 (i.e. when transfers reimburse taz payments)
differ from when redistribution is optimal. We find:

i If the social planner increases the weight of a household with a high
marginal utility of consumption and decreases the weight of a house-
hold with a low marginal utility of consumption (i.e. the social planner
has a larger inequality aversion), the change in second-best tax rates in-
creases in the difference in marginal utility of consumption between the
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two households. If the other N — 1 countries have the same distribution
of income, the social cost of carbon of the first country decreases and of
the other N — 1 countries increases.

1 If the concavity of the utility function of the households is close to zero,
second-best tax differ only moderately from the first-best.

Proof. Under the assumptions of Result 2 Equation (15) becomes:
_ Xy wi(MUC)i; 5
i Zj wy,j (MUC)p,;

Tp

(16)

This set of N equations determines the values for the SCC 7,. Take a
specific country k and two households ¢ and r. If we increase the weight
of household ¢ by €, Wy, = wyq + €, and decrease the weight of r by e,
Wiy = Wiy — € (leaving all other weights at their old value w;; = w;;), the
system of equations above defines the new SCCs. The implicit function
theorem defines the rate of change. For this purpose, rewrite the above
equations as

- 0b 5
Gp=T1p+ > 1y (MUC),,; — hp o, D i j(MUC); ;=0

J %,J

. We can then write down the implicit function theorem:

oG dr, dG
()t s,

Assuming that the inverse of matrix (%) |e—0 exists, we can show the

-1
first part of Result 2 by first recognizing that the inverse (%) |e=0 does

not depend on € and is therefore independent of which households in which
country experience a change in weights and second writing down the vector

dG {Tk—hkgg p=k 18)

@Gp, _
le=0 = (MUCyy — MUC},) T gk

Hence the change in SCCs for all countries is directly proportional to the
difference in marginal utilities of consumption of the two households, hence
the inequality in country k:

drp _

2 = (MUCyy = MUChy) - Cr (19)

The constant )., does not depend on which households’ weights change,
hence (i) the change of SCC is larger with larger difference in consumption
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between the households ¢ and r, (ii) if the difference in consumption of the
households changes sign, so do the changes in SCC of all countries.

We now turn to the sign of changes in the SCCS We first show that there
is at least one country with a positive change £ > 0 and one with a negative
change (ZZ’ < 0. If we multiply equation (16) w1th hlp > Wp,i (MUC),, 5, take
the derivative with respect to € and sum over p, we get:

2 2

d 7 d 9b

e a hy zj:wp,j(MUC)p,j =5 ;wi,j(MUC)i,j (20)
2

d
*5’7'
< zp: d,Tpp 2}: wy j(MUC)p,;

0%b d
— @?ZZTPZMP’] MUC sz] MUC) 4,3

7]

wy, (MUC
+ 2> rpzﬂ ”;p s _ Zwm MUC); pr,] (MUC),,

p 1,7

=0

When expressmg the change in total abatement when changing the weights

a”Lj d
as da =>hi - 4 Ti» the last equation becomes

dTp (Z wp ; (MUC)y, 1)2 :

Baz] dn
(MUC); | (21
de hp Z 8% de ;w JMUC)i; | (21)

>0 >0
>0

The last equation shows that the changes in SCC dd%p cannot all be of the
same sign.

Let us now assume we have N — 1 countries that are identical, i.e. if
we sort all households in ascending order of their income we have I; ; =
I, Vi,p, Vj. Due to this symmetry, these N — 1 countries will have the
same SCC 7; = 7, and we can treat them as one country. As shown above,
either country k’s SCC decrease and the SCC of all other countries increases
or Vv.v..

We show that the former is true by assuming the opposite to be the case:
%’“ > (0 and %ﬂ < 0 Vp # k. In this case, the sum of weighted marginal
utilities of consumption in country k, >, wg ;(MUC),;, has to increase
when changing the weights because (i) given a fixed set of taxes, the social
planner puts more weight on a household with higher marginal utility of
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consumption and a lower weight on a household with lower marginal utility
of consumption, which increases the sum, and (ii) as country k contributes
more to the public good while the other countries contribute less and its
tax rate is above hk%, the sum of consumption and benefits decrease for
every household in country k, which increases the sum of weighted marginal
utilities of consumption.

On the other hand, the sum of weighted marginal utilities of consumption
of the other N — 1 countries decreases as consumption for each household
increases: country k contributes more to the public good and all other coun-
tries can decrease their contribution while still having a tax rate 7, above
(N — 1)hkg—2 due to equation (16). In this case the aggregate consumption
increases:

- - a _ a
b+ (V=13 =0 (1) 2 b+ (V-Da) -0 () @2
P

P

zw%+wN—1ma—¢(Z)m%>

d¢(ag;)

VT,
P dap;

>(N—1)hk,% and ap<ap

where * indicates values with changed weights. Hence, the sum of weighted
marginal utilities of all identical N — 1 countries decreases.

. ik Wi (MUC); 5 .
Since 7, = hk% (1 + Zﬁi"d;&fwo)kl”) and the the summand in the
ob

bracket decreases, 5. would have to increase so that % > 0. In this case,

. b . wi,j (MUC); .
however, 7, = hy5. ((N 1) + S uy, (MOC),; ) icreases as the second

summand increases. Hence the assumption that %ie’“ > (0 cannot be true

and we have % < 0 and % > 0 if inequality aversion of the social planner

increases.

We next show that the deviation of second-best and first-best tax rates
goes to zero as the concavity of the utility functions u;; goes to zero. For
the assumptions of Result 2 the Chichilnisky and Heal (1994)-tax rule can
be written as:

con _ 0b 3 hiwi(MUC)i;
p da  wy;(MUC),,;

The ratio of second best taxes in equation (16) to first-best taxes than
becomes:

(24)

5 < 2 wi, i (MUC)s 5 )
b s CH
Tp _ _Oa 22 hiwi,m (MUC)
TCH QbCH < % E]’ wp,; MUCY ; )

(25)

p 0
“ Wpm (MUC)ST,

The ratio in the denominator is the difference between the average of weighted
marginal utilities of consumption under second-best redistribution % > wp i MUC ;
to the case when weighted marginal utilities of consumption are equalized
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Wy m (MU C’)S’I;L in country p. The ratio in the numerator is the difference
in the sum of the total levels of weighted marginal utilities of consumption
between the second-best and the Chichilnisky and Heal (1994)-case on a
global level. These differences are determined by the concavity of the utility
function. If the concavity goes to zero, both terms do not differ from each

other. O

Result 3. Assume that abatement costs are equal across households and that
there are only market damages. If damages disproportionally affect house-
holds with a high weighted marginal utility of consumption, differences in
tax rates between the second-best and the optimal redistribution case become
more pronounced.

Proof. For result 3, we take a specific country p, assume two households and
change the distribution of constant marginal damage function: b,1 = z - a,
bp2 = (1 — z) - a. Second-best taxes are:

by
Z#p,j wiJ(MUC)M% +wp 1 MUCp 1 - 2+ wp2MUCpo - (1 — 2)
/Tlp Zj wp,;(MUC)p,;

Tp =

(26)
If z = 1, household 2 does not experience any damages. If household 1 is rich,
the weight w), 1 MUC), 1 that translates market damages to damages in social
welfare is relatively low. However, the poorer household 1 is, the higher
the weight with which its market damages are valued in the social welfare
function and the higher the tax rate. Second-best tax rates increase for all
countries with the internalization of damages for the specific household.

O

Result 2 and 3 show that inequality critically determines second-best in-
ternalization of the global externality through two main channels. First, the
deviation of second-best taxes from the Chichilnisky and Heal (1994)-case
is determined by concavity of the utility function in combination with the
distribution of wealth across and within countries. Second, if the distribu-
tion of damages is heterogeneous among households, second-best taxes can
change crucially in all countries: As there is no compensation to poor house-
holds for damage or abatement costs, the social planner has an increased
incentive to raise second-best taxes in all countries to limit the decrease in
utility of poor households if they experience large damages.

3.3.2 National government redistributes according to a national
welfare function

In this section, the national government chooses transfers to households
based on a national welfare function (NWF'). This welfare function aggre-
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gates the utilities of each household through a weighted sum. The redistri-
butional constraint F; ; is given by

ONWF ONWF
OLi,j  OLi,m;
for an arbitrary household m; in country i, €);; are the welfare weights
the national government assigns to each household and MV C;; are the
marginal utilities of consumption for a utility function of each household
given by v; ;(c; j,a).!

The derivatives of F; ; with respect to apm, 7p, and Ly, ; are given by:

Fij(aim(m), Lig, 7i) = =Q; iMVC; j— i, MV Cy 1y = 0

o = i = Qi
Oapm Oa Oa
OF,m oMV C,m OMVC, .
mo_ ., - Tpm — it il 3 —
ar, p,m Bcpm (epm — apm) + Qpm,, Dcpm, (epm, — Apmy)
OMVCp.m .
Qp7m780p 7::’ ] =m ?é mp
an,m BMVCp,mp .
oL, Yy, gy =My FEm
7 0 else

(28)
Inserting these expressions into Equation (11) yields the following second-
best tax rule (see Appendix B for details):

Z ) wpijUCT_,,j
J Qp ;i MMV Cyp ;

Cp = - (29)

1
Zj Qp MMV Cy ;
and

1

1 MVCA
Cp

= wi i MUA; j + > (wi; MUC; j + ) MMVCi,

1, ]

Tp

(30)

'Let utility v; ;(ci;,a) be defined as in Section 2, with utility function v; ; defining
how the national government of country ¢ values consumption and abatement for each of
its households j. For an exogenously given environmental tax 7;, the national government
faces the following optimization problem:

max NWF = Zﬂi’j . v(cm-,a) s.t. Zli’j =T; Z(ei,j — az‘,j),
J J J

(2%

which translates into the following Lagrangian:

L= Qv a)—& <Z Lij =7y (eij — am‘)) :
J J J
Setting 0L/OLy,m = 0 we get the following first-order condition:

&k = Qe MV Ciym. (27)

By choosing an arbitrary household of each country m;, equations (27) can be reduced
to Qi ; MV C;; — Qi jMVCim, =0.
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These expressions lead to the following insights.

Result 4. If the welfare weights in the national and the supernational social
welfare functions are identical, the Chichilnisky and Heal (1994) case is
reproduced.

Proof. Assume that €; ; = w;j = W;j. From Equation (29) then follows
. ~ . . 1

that ¢, = —Wp W MUC),, for all m. The terms involving Zj O, MMVT,

cancel out because Wy, ;, MUC}, ,, is constant within each country and can

be pulled out of the sum. Inserting this expression into Equation (30) yields:

20 Wiy MUA,
THn =
: Wy, MUCy,;
which is equivalent to Equation (8). O

We now turn to the case of an isoelastic utility function.

Result 5. If the utility function is isoelastic and only market damages occur,

that is -
- (ci,j+b¢,1j£C:7)) -1 n < 1
’U,ZJ UZ,] =

Y

log(cij +bij(a)) n=1

the second-best tax rule depends crucially on n:

i if n = 1 the second-best tax rule is equal to the Chichilnisky and Heal
(1994) case treated in Section 3.1, irrespective of redistribution at the
national level.

it if 1 < 1 the second-best tax rule depends on the level of n and on the
between-country distribution of the national aggregate of consumption
and damages. It does not directly depend on the distribution of damages
among households within one country.

We start the proof by deriving the tax rule for the second, more gen-
eral case. Then we derive the more specific result for a logarithmic utility
function by setting n = 1.

Proof. Regarding case i, simply deriving marginal utilities of abatement
and consumption and inserting them into Equations (29) and (30) yields:

> (Cpm + bpm(a) Z zl wi(cig + bi(a)) ™M = Ib; ;
Zl Wp,1 (cp,l + bpl ) cz m T b m(a)) P da
(31)

Tp =

The equatlon shows that marglnal market damages enter the second-best
. Heterogeneous damages on the household
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level in one country hence influence the tax level only through changes in
marginal utilities of consumption.

For this specification of the utility function the optimal tax rule from Equa-
tion (8) becomes:

- (CS}{ b ’l(aCH)) Z wi’l(cng bi’l(aCH))l—n ab; ;
T, =
pr(cE,? + by, (a®M)) =) : (CZ%H + big(a®h)) ; da
(32)

For case ii we therefore compare equalized weighted marginal utilities of con-
(Cg?+bpyl(aCH)) > m(cp,m+bp,m(a))
wp,1 (¢ +bp,1 ()= > wp,(Cpitbp,(a)) =1
This is similar to the redistribution rule in the case of homogeneous dam-
ages (Result 2): n together with inequality in consumption determine in
how far these two terms differ from each other (see the discussion around
Figure 77?). If, however, the convexity of the marginal utility function and
inequality among households is moderate, differences in tax rates will also
only be moderate. In addition, the average is weighted with the share of
household consumption in total consumption of the country. This can lead
to further differences of second-best taxes compared to optimal redistribu-
tion. However, this effect may also counteract differences due to differentns,
depending on second-best compared to first-best redistribution. This proves
part i of the result.
Regarding the proof of part i, it suffices to set n = 1 in Equation (32) to
obtain the following second-best tax rule:

sumption,

to the weighted averages

Tp

= Zl Cpi + bp,l(a) Em Wi,m 8b,-7j
D1 W, zz: Y oi(cin 4 big(a)) - Oa (33)

Accordingly, the optimal tax rule for the Chichilnisky and Heal case be-
comes:

C ¢
~CH _ cpi +bpala H)Z Wiyl 9bi; (34)
P - CZCZH + b; 1 (aCH) - da

Wp,1

Since in the Chichilnisky and Heal case redistribution is optimal, the welfare
weight times the marginal utility of consumption is constant within coun-
tries, that is 1wy, /(S + byy(a®h)) = G, ¥ L. It follows that wy, /(S +
by (a®M)) =37 wpm/ D (¢SH + bpm(a®)). Inserting this equality into
the last equation demonstrates that both tax rules are identical. Redistri-
bution on the national level does hence not change the tax rates compared
to the case of representative agents if the utility function is logarithmic and

only market damages are considered. This proves part ¢ of the result.
O
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Part ¢ of this result is remarkable since the second-best tax rates are
equal to the optimal rates, but the actual transfers to households can dif-
fer substantially from the optimal transfers, depending on the difference
between w; ; and €2; ;. The intuition behind this result follows from the de-
termination of redistribution at the national level. The national government
will equalize weighted (with ) marginal utility of consumption, which, due
to the assumption of market damages, is equal to the sum of consumption
and damages. If the social planner were able to increase the consumption
level of a specific household in the direction of the planner’s distributional
preference by changing the tax rate, the national government would use
transfers to reverse this increase in order to return to its preferred alloca-
tion of consumption. The global social planner will therefore internalize
only the environmental externality, thus maximizing the size of the 'cake’
irrespective of redistribution.

Regarding the second part of Result 5, differences in second-best taxes to
optimal ones will be only moderate if 7 is moderate and heterogeneity in
income is moderate. Most importantly, the distribution of damages among
households does not directly lead to changes in tax rates, but only indirectly
through changes in marginal utility of consumption and therefore inequality
among households.

The intuition to second-best tax rates differing only moderately from first-
best ones is similar to the case when 1 = 1. Since the national government
will redistribute aggregate consumption among the households according to
national preferences, the social planner tends to maximize aggregate con-
sumption through the internalization of the environmental externality.

4 Numerical simulations

This section uses numerical methods to visualize some of the results from
the previous section and to provide additional insights into the workings of
our model. We analyze the most simple case in which there are two countries
each inhabited by two households. Country 2 is the benchmark region in
which the government is utilitarian and households receive the same levels
of income. In country 1, one or more factors (such as welfare weights, the
distribution of income between households, or the total income level) differ
from country 2. We analyze the effect these differences have on the second-
best tax rate in each country for the different national recycling schemes
described in Section 3.3: (1) reimbursement of taxes and (2) optimal redis-
tribution according to welfare weights.

In Section 4.1 we analyze the case in which all households are equally af-
fected by climate damages. In Section 4.2 we consider the case in which
households are affected differently.

We find that both, for the case of non-market and for the case of market



4 NUMERICAL SIMULATIONS 19

damages, the differences between the countries have a comparatively low ef-
fect on the optimal tax rate when damages are equal across households. In
the case of heterogeneous damages, the changes in optimal carbon taxes be-
tween countries becomes much more pronounced and can lead to a doubling
of the optimal tax rates as compared to the conventional case described in
Section 3.1.

We use the following isoelastic utility function to illustrate the case of market
damages:

(Ci,j —a) ey — ai,j))(l_m _1

and the following CES utility function for the case of non-market damages:
(1/p)
Uj= | 0+ 1 =0 ai;)’ : (36)
()

4.1 Homogenous damages

We first compare the effect of changing the inequality aversion of the social
planner by changing the weights w; ; in favor of the poor agent in figure
1. Changes in the SCC are only moderate, especially for small n and more
pronounced for the first transfer scheme.

g Reimbursement ;"’: Optimal redistribution
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Figure 1: Comparing second-best tax rates for utility functions with each
household receives what she paid in taxes (left) and redistribution of the
revenues based on national preferences (right); countries differ only in
their income distribution with Country 1: Incii/Inci2 = 3/7, Country
2 Incoj = 5. The weights for national preferences on the right are Country
1: 9171/91’2 = 2/3, Country 2: 92’1/9272 =1.

The next figures compare the changes for social welfare functions that
include non-market damages. Figure 2 displays the effect of variations in the
damage parameters on the optimal carbon tax rates for the case of market
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and non-market damages.

It can be seen that changes in the optimal tax rate are comparatively small
for transfer scheme (2) and that there are no changes for transfer scheme (1).
The results remain almost unchanged when the countries additionally differ
in total income, but the distribution between households within countries is
equal. These findings are summarized in Figure 5 in Appendix A.

Figure 3 displays the effect on the optimal carbon tax rates when the in-
come between households in country 1 is distributed unequally. In this case
recycling through transfer scheme (2) still leads to changes in the optimal
carbon tax on the same order of magnitude, while transfer scheme (1) leads
to much larger changes compared to the case in which countries only differ
in their welfare weights.
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Figure 2: Comparing second-best tax rates for utility functions with non-
market damages (left column) and market damages (right column) for varia-
tions in the damage parameter and for different recycling schemes. Top row:
each household receives what she paid in taxes. Bottom row: redistribution
of the revenues based on national preferences. For the left column we used
a CES production function and for the right row an isoelastic production
function. Countries differ only in their preferences for redistribution, €2; ;.
Country 1: Qq1/Q 2 =2/3, Country 2: Qg1/Q22 =1, w; ; = 1.
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Figure 3: Comparing second-best tax rates for utility functions with non-
market damages (left column) and market damages (right column) for vari-
ations in the damage parameter and for different recycling schemes. Top
row: each household receives what she paid in taxes. Bottom row: redistri-
bution of the revenues based on national preferences. For the left column
we used a CES production function and for the right column an isoelastic
production function. Countries differ in their preferences for redistribution,
2, as well as in income between households. Country 1: €41/ 2 = 2/3,
1171/1172 = 2/3, Country 2: 92,1/9272 = 1271/1272 = 1., Wi 5 = 1.
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4.2 Heterogeneous damages

This section analyzes the case when households within countries are affected
differently by climate damages. We exemplify this case by using an isoelastic
utility function for a given set of parameters. Further, countries differ in
their welfare weights and in the distribution between households within the
country. We introduce a new parameter z which stands for the share of
damages going to household 1 in both countries (the remaining share, 1-z,
then goes to household 2). The utility functions hence are given by:

Ui,l = 13'7 ( X ZO[ZZ',]'(GZ-J _ a@,’j))(l—n) ’ (37)

and ) (1)
. . _17
Uio = T (Ci,j —(1- z)aZz,](ei,j - am-)) . (38)

Figure 4 summarizes the results. In brief: the effects of differences in the
countries welfare weights and between-household income distribution on the
optimal carbon tax rate are much more pronounced than in the case of ho-
mogenous damages, when the revenue is recycled through transfer scheme
(1) (i.e. reimbursement, see left panel). For optimal redistribution accord-
ing the welfare weights (right panel), that is transfer scheme (2), changes
remain small, since the government compensates welfare losses through cli-
mate damages.
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Figure 4: Comparing second-best tax rates for variations in the damages
share z going to household 1 in both countries and for different recycling
schemes. Left panel: each household receives what she paid in taxes. Right
panel: redistribution of the revenues based on national preferences. Coun-
tries differ in their preferences for redistribution, €); ;, as well as in income
between households. Country 1: Qy1/Q2 = 2/3, I 1/I1 2 = 2/3, Country
2: 9271/92’2 == 1271/12’2 == 1, ’LUZ‘J' =1.
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5 Conclusion

This article calculates the social cost of carbon taking into account that
countries consist of heterogeneous households headed by national, optimiz-
ing governments. Previous literature, by contrast, frequently modeled coun-
tries as single representative agents. We demonstrate that allowing for this
additional level of governance leads to potentially large deviations in the
social cost of carbon for each country.

Allowing for an additional level of governance leads to an information asym-
metry between a global social planner, commonly used for calculating the
social cost of carbon, and national governments, reminiscent of the infor-
mation asymmetry arising in models of optimal income taxation with het-
erogeneous agents: the social planner is able to observe the distribution of
climate damages, of the costs of mitigation, and of income on the country
but not on the household level and must thus leave redistribution to the
national regulator.

Our main findings are as follows. First, we derive analytical expressions for
the social cost of carbon and demonstrate that they crucially depend on the
redistribution taking place within countries. Second, we determine the mag-
nitude of the deviation of our expression for the social cost of carbon to the
case in which countries are modeled as representative households: differences
are especially pronounced when national governments reimburse households
only with what they paid in taxes and damages fall disproportionally on
poorer households. The deviations for the other cases are also relevant but
an order of magnitude smaller. Finally, we use numerical methods to de-
termine the size of these effects over a wide range of utility functions and
parameters.

These results have immediate relevance for policy makers, since the social
cost of carbon are a benchmark measure for efficient climate policy. In par-
ticular, we show when assuming a national representative agent has only
moderate influence on the SCC: if there are only market damages and an
optimizing government redistributes between its households, also if its re-
distributive preferences differ from the social planner. In this case, climate
policy can be separated from social policy on the international level. Vice
versa, if the national government does not redistribute based on different
levels of marginal utilities of households, e. g. in the absence of functioning
social institutions, the SCC of every country can severely change.
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Appendices

A Numerical simulations when countries differ in
income
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Figure 5: Comparing second best carbon tax rates for utility functions with
non-market damages (left column) and market damages (right column) for
variations in the damage parameter and for different recycling schemes. Top
row: each household receives what she paid in taxes. Bottom row: redistri-
bution of the revenues based on national preferences. For the left column
we used a CES production function and for the right column a CRRA pro-
duction function. Countries differ in their preferences for redistribution,
;j, as well as in total income (but there are no income differences be-
tween households at the national level): >, 11 ;/(3; I2,;) = 4/5. Country
1: 9171/91’2 = 2/3, Country 2: 92’1/9272 = 1, wm =1
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B Derivation of the tax rule in Section 3.3.2

The respective derivatives of Fj ; in Equation (28) are derived as follows

(QZ’J‘MVCA@]' - thzaMVCA%ml) 1£pV (Z =pAm#“jAm 75 ml)

Qp; MVCAp; — Qp,mpaMVCAp,mp + Qp ; MMV Cy (QZ)/(ap,j(Tp)v a) — Tp)
OF, ; =0
by _ L _
Tap,m t=pAm=
Qp i MVCApj — Qpm, 0OMV C Ap iy, + Qpn, MMV Cp i, (¢/(ap7mp (p),a) — Tp)
=0
L t=pAm=my
0F, oMV C oMV,
7m:_Qm B m m Qm il my m
o, P, 9cpm (ep, apm) + Qp, " Ocpm, (ep, p — p, p)
o] m .
Qpm ]\ggﬁz J=m#my
0F,m _J_q OMV Cp o, = my £ m
OLp; P dep,myp J= e
0 else

The expression for ¢, can be derived as follows:

0F,,
G =—wp; MUCp; — pr,l 81;)]

l I
\I/pJ'Qp,jMMVCp,j j 7& mp

=—wp; MUCY; — .
- Zl;éj U, 1Q2p,m, MMV Cpm, J=mp

For the case j # m, we get

Cp=—wp; MUCy ; — Wp iy ; MMV Cy

G _ wy, i MUC,; ‘
— - \Ilpz.j Z ’
Qp MMV Cy Qp i MMV Cyj jEmyp (B.1)
Gp wp i MUG;
— A U, ..
Qp; MMV C, Z Qp; MMV C, j; P
mp

J#EMp

The case j = m,, yields:

Cp = —wp; MUC),; — Z W 18p,m, MMV Cpm,,

1£j
| . (B2)
Cp _ wy ; MUC), . Z U,
Ui, MMV Gy~ R, MMV G, 4
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Adding up Equations (B.1) and (B.2) yields Equation (29).

For the derivation of an explicit expression for 7, equivalent to Equation
(30) we need the following three terms:

OF, m
Z(ep,j — ap,;) Z Upm—ar 4
. 0L,
J m ’
— Z(epj —ap,; {\IIPJQMMMVCZJJ J#Fmyp
7 - Zl;ﬁj ‘I’p,lQp,mpMMVCp,mp Jj=my

= Z (epj — ap)Vp i MMV Cy 5 — (epj — apj)Qpm, MMV Cp o, Z Wy
JFEmp l#myp
(B.3)

Zd}p’ 8Tp

OMVC m 5MVCp7m
= —Z\I/ meTj(epm _al% ) + (ep,mp _a/pvmp) p,mpacp’mpp;\pm'
(B.4)
OF; OF; Oap m
Z Vi Z Oapm
= Z \IJi,j QZ‘J‘MVCAi,j - Qi,miMVOAi,mi) (B.5)

.3
Y Wiy (i MVCA).
It can be seen right away that Equations (B.3) and (B.4) sum up to zero;
the expression for the optimal tax rate is hence given only by:

da, day, 0Fpm
—(p %%:(ZW,;’(MUA)@“ p +Z €pj — Ap,j Z‘I’p,m . >

7.] .
i m v
(B.6)
Using Equation (B.5), this expression can be simplified further to

da da
—Cp #Tp = ( > wi (MUA), (#m + Y Ui (uMVCA,) ) :

V; ; can be replaced by means of Equation (B.1). The expression ob-
tained for 7, is then equivalent to Equation (30).



