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1 Introduction

Economic inequality and environmental degradation are certainly two of the most critical issues facing
societies today. Economists have long argued for the use of fiscal instruments to address these problems.
Labour and capital taxes can provide redistribution, and, following the Pigouvian principle, a pollution
tax can internalise environmental externalities. However, pollution taxes also have distributional impli-
cations as they heterogeneously impact households’ purchasing power. At the same time, capital and
labour taxes affect the costs and benefits of improving the environment by reducing incentives to work
and invest. This study aims to analyse how these instruments should be jointly optimised to tackle
both inequality and environmental degradation. Specifically, we ask: Do inequalities and redistributive
taxation call for more or less ambitious environmental policies? How do environmental policies affect
inequalities?

We address these questions from both a theoretical and a quantitative perspective. To do so, this
paper presents a dynamic fiscal climate-economy model with heterogeneous agents. We use a technique
introduced by Werning (2007) to extend the climate-economy model of Barrage (2020) to heteroge-
neous agents. In our model, households derive utility from consumption, leisure, and environmental
quality. The final consumption good is produced using energy as one of its inputs. Energy production
is polluting, which leads to environmental degradation that affects both economic productivity and
households’ utility. As in Barrage (2020), energy producers can reduce the emission intensity of their
output by engaging in costly abatement activities. Because of these costs, positive abatement occurs
only if producers also need to pay for their pollution, for example through a pollution tax. The govern-
ment thus faces multiple tasks at once: mitigating the pollution externality, providing redistribution,
and financing some exogenous government spending.

We model this as a Ramsey problem in which the government maximises social welfare by choosing
the level of linear taxes—in particular, taxes on labour and capital income, energy, and pollution—and
a uniform lump-sum transfer to adjust the progressivity of the tax system. Because agents are hetero-
geneous but tax instruments are anonymous, the government must rely on distortionary instruments
to provide redistribution.1 We derive optimal tax formulas and study the implications of heterogeneity
for optimal pollution taxation. We then use our model to examine how inequalities and distortionary
taxation affect the social cost of carbon (SCC) and the optimal carbon tax. We calibrate our climate
model following DICE-2016 (Nordhaus, 2017). On the economic side, we calibrate the fiscal system and
household heterogeneity (first in productivity, later in wealth and energy demand) to match US data.
Conceptually, our quantitative analysis examines the optimal fiscal policy of the US if they accounted
for the negative global impact of their emissions, assuming emissions from the rest of the world evolve
proportionally.

Theoretically, we find that the optimal pollution tax is a modified Pigouvian rule that accounts
1In a representative-agent economy, if the government could, it would obtain all necessary revenue via undistortive

lump-sum taxes. With inequality, the government typically prefers to provide lump-sum transfers for redistributive
purposes resorting to distortionary taxation. In this setting, there is no need to restrict the government from choosing
the level of lump-sum transfers or taxes.

1



for tax distortions via the marginal cost of public funds (MCF). However, because the government
can optimally choose the level of lump-sum transfers (or taxes), the MCF is not higher than 1 as in
representative-agent settings (see for instance Bovenberg and Goulder, 1996; Barrage, 2020).2 In fact,
we show that, when households have balanced-growth preferences, the MCF is on average equal to 1.
A direct implication is that the optimal pollution tax may only temporarily lie above or below the
Pigouvian level. These temporary tax distortions are driven by the costs associated with implementing
the second-best allocation. While these costs are on average null because the planner can optimally
choose the level of lump-sum transfers, they need not be in each period. We provide conditions under
which these costs are always null and discuss the determinants of temporal variations in tax distortions
when they are not.

Our theoretical results also highlight the role of consumption inequalities. When the MCF is equal
to 1, the second-best pollution tax is Pigouvian, but the Pigouvian tax is evaluated at the second-best
allocation. We show that consumption inequality affects the Pigouvian tax ambiguously through the
opportunity cost of emission abatement. On the one hand, consumption is valued less in the presence
of inequalities because it disproportionately goes to richer households with lower marginal utilities
of consumption. On the other hand, consumption inequalities increase the average marginal utility
of consumption, and thus the opportunity cost of abatement. We show that, with balanced-growth
preferences, the latter effect dominates if and only if the intertemporal elasticity of substitution is
lower than 1, in which case inequalities reduce the value of the Pigouvian tax.

Quantitatively, we find that the MCF plays an insignificant role. The second-best carbon tax
starts at about 0.5% below the SCC and then fluctuates at about 0.2% above or below. This result
contrasts with an influential finding from representative-agent settings that tax distortions lower the
optimal tax on carbon, cf. Bovenberg and Goulder (1996) and Barrage (2020). Perhaps surprisingly,
we find that the role of the MCF remains very small even if the government cannot optimally choose
the level of lump-sum transfers. The reason is that, in the presence of inequality, the optimal level of
distortionary taxes is much closer to the one that would be necessary to meet revenue requirements
than in a representative-agent economy, so the cost associated with this constraint is significantly
lowered. The SCC is, however, affected by the presence of inequalities, although the effect is not very
large: consumption inequality—after income taxes are set optimally—reduces the SCC by 3.9% in our
baseline calibration. The reason why the effect is not large is that inequalities are more effectively
addressed using income taxes than the carbon tax. Still, the carbon tax is affected by the residual
inequality, i.e. the level of inequality that remains after the planner has optimally set income taxes.

We compare our optimal policy to the one of a “climate-skeptic” planner who optimises fiscal
instruments assuming climate change is exogenous, thus setting the carbon tax to zero. We find that
the additional revenue raised by the carbon tax is about equally split between increasing transfers and
reducing the labour income tax. Regarding the impact on welfare, we find that the optimal carbon tax
policy has progressive effects in the 21st century—owing to the higher progressivity of the tax system—

2An MCF above 1 means that transferring resources from the private to the public sector is costly, in which case it is
optimal to tax below the Pigouvian levy.
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and very large positive but regressive effects afterwards, as richer households value environmental
improvements proportionally more relative to consumption. Importantly, we show that this result
stands in contrast to the representative-agent policy where the government uses the carbon tax revenue
exclusively to reduce the level of distortionary taxes: the overall policy would then have strongly
regressive effects. These results highlight the importance of considering household heterogeneity in
climate policy, as distributional implications have welfare consequences, and also impact the political
feasibility of climate policy.

We study the robustness of our main results to alternative calibrations and alternative settings.
We show that the effects of inequality and tax distortions on optimal carbon taxes remain close to our
baseline results when opting for a much more severe calibration of climate damages than the one in
DICE-2016. Similarly, changing the amount of fiscal pressure has only minor effects on our quantitative
results. The effect of inequality on optimal carbon taxes increases roughly proportionally with produc-
tivity heterogeneity and with the share of damages that directly affect utility. Furthermore, the effect
of inequality changes more than proportionally with the intertemporal elasticity of substitution (IES):
when the IES is reduced from our benchmark level of 1/1.45 (from DICE) to 1/2, inequalities lead to
a reduction in carbon taxes of 16.2% instead of 3.9%. We also consider alternative policy scenarios:
we study third-best policies, i.e. optimal fiscal policies when either the labour or the capital income
tax is exogenously fixed at its current level. While the role of inequalities and the MCF remain very
similar, these additional constraints lead to an additional fiscal interaction effect that has an ambiguous
effect on the optimal carbon tax: we show that when these taxes are fixed at a sub-optimally low level,
the optimal carbon tax should be reduced relative to its second-best level, and vice-versa. Finally, we
show that our results hold under a more general specification of preferences than the one used in our
benchmark, where environmental damages enter the utility function in an additively separable way.

To further explore the role of household inequality, we additionally consider households who differ
in wealth, energy demand, and exposure to environmental damages. First, if the planner is unable to
expropriate initial wealth, the optimal carbon tax is significantly affected to correct for this missing
instrument, but only in the first period. Quantitatively, the roles of inequality and tax distortions
remain very similar to the benchmark case. Second, we present a version of the model where households
consume an additional dirty good that uses energy as its only input. To account for the fact that
households are heterogeneously exposed to carbon taxes depending on their energy consumption, we
consider households with non-homothetic utility and we use the Consumer Expenditure Survey (CEX)
to match the observed distribution of energy budget shares in the US, both between and within income
groups. We show that this additional source of heterogeneity does not significantly affect the role of
inequality and tax distortions on the optimal carbon tax. While theoretically we find that it becomes
optimal for the planner to subsidise the energy good if the households it values relatively more have
higher energy needs, this additional instrument is quantitatively negligible. Naturally, this additional
source of inequality also implies that ignoring household inequality in climate policy leads to even larger
distributional effects. Third, we introduce heterogeneous sensitivity to environmental degradation. We
theoretically show that if environmental damages enter the utility function in an additively separable
way, heterogeneous environmental damages have no effect on the optimal pollution tax in the utilitarian
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case. However, they do lead to higher pollution taxes when the planner directly values more those
households that are more affected by pollution. A Rawlsian planner would therefore tax pollution at a
higher level if poorer households are also disproportionately affected by environmental damages.

Related literature Our paper contributes to two strands of the literature. First, it contributes to
the literature on the optimal taxation of pollution. In a pioneering work, Pigou (1920) established
that the first-best policy response to an externality is to implement a tax equal to its social cost. An
extensive literature has then investigated optimal pollution taxation in a second-best environment. In
a representative-agent framework, when the government cannot optimally choose the level of lump-sum
taxes or transfers to finance public expenditures, distortionary taxes typically raise the MCF above
1, and it becomes optimal to set the pollution tax below the Pigouvian level (see e.g., Sandmo, 1975;
Bovenberg and de Mooij, 1994; Bovenberg and van der Ploeg, 1994; Bovenberg and Goulder, 1996).3

More recently, other papers have considered this problem with heterogeneous agents and a uniform
lump-sum transfer (see e.g., Jacobs and de Mooij, 2015; Jacobs and van der Ploeg, 2019), arguing that
in this set-up the MCF is equal to 1 and the second-best tax is set at the Pigouvian level.4

While these papers focus on static settings and model the pollution externality in a stylised manner,
the recent work of Barrage (2020) creates a critical bridge between the climate-economy literature and
the dynamic public finance literature. Her framework integrates a climate-economy model in the spirit
of Golosov et al. (2014) into a representative-agent Ramsey model (see Chari and Kehoe, 1999, for
a review). In this setting, tax distortions again call for lower taxes on carbon emissions. Our main
innovation relative to Barrage (2020) is to introduce heterogeneous agents, which we see as important
for two reasons. First, this allows us to jointly study optimal environmental and distributional poli-
cies, both theoretically and quantitatively in a dynamic, general equilibrium framework. In addition
to the importance of equity in normative analysis, recent experience has shown that the distributional
effects of environmental policies were also critical to ensure their public support. Second, agent het-
erogeneity provides a different rationale for distortionary taxation. In representative-agent settings,
the government needs to rely on distortionary taxes to finance its expenditures, since lump-sum taxes
are ruled out. In our setting, by contrast, the government wants to use distortionary taxes beyond
what is needed for revenue in order to provide redistribution by rebating the proceeds through uniform
lump-sum transfers.5 The uniformity constraint plays the same functional role as the no lump-sum tax
assumption in the representative-agent case: it limits the set of available instruments and rules out the
first best.

3For further references on second-best pollution taxation in representative-agents models, see Barrage (2020).
4Other studies that analyse the joint design of pollution and non-linear income taxes conclude that deviations from the

Pigouvian principle may be optimal—e.g., Pirttilä and Tuomala (1997), Cremer et al. (1998), Cremer and Gahvari (2001)
and Micheletto (2008). This is the case if doing so allows for a relaxation of incentive compatibility constraints. Kaplow
(2012) also analyses a setting with pollution and non-linear income taxes, and shows that it is possible to construct Pareto
improvements if pollution taxes deviate from their Pigouvian level.

5Unlike lump-sum taxes, lump-sum transfers are feasible in practice. Recent policy proposals even call for using such
instruments to redistribute the carbon tax revenue (see the Economists Statement on Carbon Dividends signed by 3,354
American economists, Akerlof et al., 2019).
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Recently, a few papers have investigated optimal carbon taxation with incomplete markets, there-
fore introducing both inequality and imperfect insurance (Le Grand et al., 2022; Belfiori et al., 2024;
Wöhrmüller, 2024).6 To maintain tractability and reduce computational complexity, these studies con-
sider either more restrictive welfare objectives or constrained policy instruments. By contrast, our
approach allows us to provide analytic expressions for a very general Ramsey problem focusing on the
role of inequality. In a follow-up paper, Douenne, Dyrda, Hummel, and Pedroni (2025), we also address
the distinct issue of idiosyncratic uninsurable risk and show that the key elements driving optimal devi-
ations from Pigou in the present paper extend to this framework. While the follow-up study provides a
richer environment to explore these elements quantitatively—building on the computational approach
introduced by Dyrda and Pedroni (2023)—the present paper allows us to analytically characterise their
determinants. In doing so, our paper also relates to a large public finance literature that studies redis-
tribution while abstracting from insurance. This includes not only the Ramsey literature (for a recent
example, see Straub and Werning, 2020), but also most of the Mirrleesian literature (e.g., Scheuer and
Werning, 2017; Sachs et al., 2020; Ferey et al., 2024). Moreover, our model without risk endogenously
matches, without targeting, the level of consumption inequality observed in the US, which is the key
determinant of how inequality shapes the optimal carbon tax.

Although our optimal tax formulas resemble the ones in Barrage (2020), taking agent heterogeneity
into account significantly changes the implications of tax distortions. In particular, we find that the
MCF averages to 1 over time and that its temporal variations are quantitatively insignificant, so the
optimal pollution tax is approximately Pigouvian. Our results also show that, unlike in representative-
agent models, the weak double-dividend hypothesis—according to which it is optimal to use the pollu-
tion tax revenue exclusively to reduce distortionary taxes (see e.g., Goulder, 1995)—does not hold with
heterogeneous agents, similar to Jacobs and de Mooij (2015). At the optimum, the welfare gain from a
marginal reduction in tax distortions is equal to the marginal cost from increasing inequalities, hence
in our quantitative analysis the optimal policy divides the carbon tax revenue about equally between
reducing tax distortions and providing redistribution.

Second, this paper contributes to the analysis of the distributional effects of environmental taxes
in general equilibrium. An extensive literature has analysed the distributional effects of environmental
taxes through the consumption channel (for a recent survey, see Pizer and Sexton, 2019), generally
pointing to regressive effects since the consumption share of polluting goods tends to decrease with
income (Levinson and OBrien, 2019). More recently, several authors have also analysed the hetero-
geneous incidence of environmental taxes on households’ income. While a number of papers found
progressive effects due to the larger negative impact of the policy on capital income relative to labour
income and transfers (see e.g. Rausch et al., 2011; Fullerton and Monti, 2013; Williams et al., 2015;
Goulder et al., 2019), the recent work of Känzig (2023) exploits exogenous shocks to the EU-ETS price
to show that carbon taxation has a larger negative impact on poor households’ income. Many papers
have also shown that the incidence of carbon taxation largely depends on how the tax revenue is recy-
cled, with lump-sum transfers typically leading to less inequality and income tax cuts to higher levels

6A related literature studies the distributional effect of climate policy with incomplete markets (Benmir and Roman,
2022; Kuhn and Schlattmann, 2024), but not optimality.
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of aggregate efficiency (e.g., Williams et al., 2015; Fried et al., 2018, 2024; Goulder et al., 2019; van der
Ploeg et al., 2022). Finally, a few papers have considered the heterogeneous environmental benefits of
climate change mitigation between generations (e.g., Leach, 2009; Kotlikoff et al., 2021), between coun-
tries/regions (e.g., Hassler and Krusell, 2012; Krusell and Smith Jr, 2022; Cruz and Rossi-Hansberg,
2024; Bourany, 2024), or both (Kotlikoff et al., 2024).

We contribute to this literature by jointly analysing the economic and environmental impacts from
optimal pollution taxation, both over time and between heterogeneous households who differ in income,
wealth, and energy demand. We find that optimally introducing a carbon tax, while accounting for
redistribution, leads to progressive welfare effects, in contrast with the representative-agent policy.

The rest of the paper is organised as follows. Section 2 presents the baseline model, and Section 3 the
optimal tax formulas. Section 4 describes our calibration and Section 5 presents our main quantitative
exercise. Section 6 considers the role of additional sources of inequality. Section 7 concludes.

2 Model

The model builds on Barrage (2020). One sector of the economy produces a final good using capi-
tal, labour, and energy, which is itself produced in the second sector. Energy production generates
pollution that leads to environmental degradation, which affects productivity and households’ utility.
The government finances an exogenous stream of expenditures and lump-sum transfers using taxes on
labour income, capital income, energy, and pollution. The key departures from Barrage (2020) are
that, in our model, households are heterogeneous and the government can optimally choose the level
of a (non-individualised) lump-sum transfer or tax. Consequently, although the government has access
to a non-distortionary source of revenue, it uses distortionary taxes for redistributive purposes.

2.1 Households

We consider an economy populated by a continuum of infinitely-lived agents, or dynasties divided into
types i 2 I of size �i. The total population size in period t is Nt. Each agent, or dynasty of type
i 2 I ranks streams of per-capita consumption of a final good ci;t, per-capita labour supply hi;t, and
environmental degradation Zt according to the preferences

1X
t=0

�tNtu (ci;t; hi;t; Zt) . (1)

In our benchmark, agents are heterogeneous in two dimensions: their productivity levels, ei, and their
initial asset holdings, ai;0. Productivity levels are normalised such that

P
i �iei = 1. To focus on the

effects of inequality without studying the implications of risk, we assume throughout that productivity
levels are time-invariant. Hence, all inequality in labour income is permanent and does not result from
idiosyncratic shocks to labour productivity. An equivalent interpretation is that ex-ante heterogeneous
households face idiosyncratic earnings risk but can trade in complete asset markets. This modelling
approach allows us to derive theoretical results as in Barrage (2020), Straub and Werning (2020), and
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Chari et al. (2020), while at the same time capturing the fact that differences in labour income are, to
a large degree, persistent (see, for example, Storesletten et al., 2004).

Agents’ assets are composed of government debt and capital, and we denote bi;t and ki;t as the
number of units of these assets held by agents of type i between periods t � 1 and t, with ai;t =

bi;t + ki;t. Aggregates are denoted without the subscript i: Ct � Nt
P

i �ici;t, Ht � Nt
P

i �ieihi;t,
Bt � Nt

P
i �ibi;t, and Kt � Nt

P
i �iki;t. In addition, per capita consumption and hours worked are

denoted by ct � Ct=Nt and ht � Ht=Nt.
Let pt denote the price of the consumption good in period t in terms of consumption in period 0 (so

that p0 = 1), wt and rt denote the real wage and the rental rate of capital in period t, and Rt its gross
return (between t�1 and t). Finally, let �H;t and �K;t represent the labour and capital income taxes, and
Tt the aggregate uniform lump-sum transfers received by households in period t, which, importantly, is
non-individualised and hence the same for all households.7 Given ki;0, bi;0, prices fpt; wt; Rtg1

t=0, and
policies f�H;t; �K;t; Ttg1

t=0, agents of type i choose fci;t; hi;t; ki;t+1; bi;t+1g1
t=0 to maximise (1) subject to

the budget constraint
1X

t=0

ptNt (ci;t + ki;t+1 + bi;t+1) �
1X

t=0

ptNt ((1 � �H;t) wteihi;t + Rt (ki;t + bi;t) + Tt=Nt) ;

where Rt � 1 + (1 � �K;t) (rt � �), for t � 0. Here, we use the convention that the capital income tax
is levied on the rate of return net of depreciation, but none of our results depend on it. No arbitrage
requires pt = Rt+1pt+1, and defining T �

P1
t=0 ptTt as the present value of lump-sum transfers, the

budget constraint can equivalently be written as
1X

t=0

ptNt

�
ci;t � (1 � �H;t) wteihi;t

�
� R0N0ai;0 + T: (2)

From the first-order conditions of agent i’s problem we have

�t uc;i;t

uc;i;0
= pt; and

uh;i;t

uc;i;t
= � (1 � �H;t) eiwt;

which holds across all agents. To simplify the exposition, we use subscripts x; i; t to denote partial
derivatives with respect to argument x for agent of type i at time t, and suppress function arguments
when there is no risk of confusion.

2.2 Final good sector

As in Barrage (2020), there are two production sectors. In the final good sector, indexed by
1, a consumption-capital good is produced with a concave, constant returns to scale technology,
F (K1;t; H1;t; Et), that uses capital K1;t, labour H1;t, and energy Et. The total factor productivity

7In practice, while individualised lump-sum transfers are infeasible, transfers can be conditioned on some household
characteristics. Letting the planner optimise over transfers that are “in between” uniform and individualised would bring
the economy closer to first-best.
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is given by A1;t and the function D (Zt) controls the damages to production implied by environmental
degradation, with D0(Zt) > 0. The output Y1;t is given by

Y1;t = (1 � D(Zt))A1;tF (K1;t; H1;t; Et):

Firms in the final goods sector maximise profits by choosing capital, labour and energy. The first-order
conditions are:

rt = (1 � D (Zt)) A1;tFK;t; (3)

wt = (1 � D (Zt)) A1;tFH;t; (4)

pE;t = (1 � D (Zt)) A1;tFE;t: (5)

Here, pE;t denotes the price of energy in period t. Because there are constant returns to scale and
inputs are paid according to their marginal productivity, final goods producers make zero profits.

2.3 Energy sector

The energy sector, indexed by 2, produces energy Et using capital K2;t and labour H2;t with a constant
returns to scale technology so that

Et = A2;tG (K2;t; H2;t) : (6)

Energy producers can provide a fraction �t of energy from clean technologies, at additional cost
�t (�t; Et), which satisfies ��;t; �E;t; ���;t > 0, �EE;t � 0 and �t(0; Et) = �t(�t; 0) = 0. Convex-
ity in �t(�; �) captures decreasing returns to abatement (as in Nordhaus, 2017). We choose this general
specification because it nests the one used in Barrage (2020), where �t (�t; Et) = �t (�tEt), and the
one in Nordhaus (2017), where it is equivalent to �t (�t; Et) = �t (�t) Et. In our calibration, we opt
for the latter specification in order to follow DICE as closely as possible. Total profits from energy
production are given by

�t = (pE;t � �I;t) Et � �E;t (1 � �t) Et � wtH2;t � rtK2;t � �t (�t; Et) ;

where �I;t denotes the excise intermediate-goods tax on total energy and �E;t denotes the excise tax on
pollution emissions EM

t = (1 � �t) Et which will be the carbon tax in our quantitative analysis. Firms
maximise profits subject to the technology constraint given by equation (6) by choosing capital K2;t,
labour H2;t, and the abatement share �t. The first-order conditions are

rt =
�
pE;t � �I;t � �E;t(1 � �t) � �E;t

�
A2;tGK;t; (7)

wt =
�
pE;t � �I;t � �E;t(1 � �t) � �E;t

�
A2;tGH;t; (8)

�E;t =
��;t

Et
: (9)

Profits in the energy sector are positive if there is positive abatement and �t(�; �) is strictly convex in
its second argument. To prevent the need to specify firm ownership, we assume these profits, if there
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are any, are taxed at a confiscatory rate ��;t = 1.8 As in DICE, these profits are zero in our quantitative
analysis.

Capital and labour are mobile across sectors, so market clearing requires

K1;t + K2;t = Kt; (10)

H1;t + H2;t = Ht: (11)

2.4 Government

Each period the government finances its expenses Gt and lump sum transfers Tt with proportional
income taxes on capital �K;t and labour �H;t, total energy taxes �I;t, and emissions taxes �E;t. The
government’s budget constraint is

R0B0 + T +
X

t

ptGt =
X

t

pt (�H;twtHt + �K;t (rt � �) Kt + �I;tEt + �E;t(1 � �t)Et + �t) . (12)

Although the instruments levied are proportional, the tax system is progressive when transfers are
positive. The reason for focusing on linear instruments is twofold. First, as shown in Piketty and Saez
(2013) and Dyrda and Pedroni (2023), an affine tax system provides a good approximation of the actual
US tax system.9 Second, with linear taxes the optimal tax problem can be formulated as a standard
Ramsey problem despite the fact that individuals are heterogeneous in terms of their productivity levels
and asset holdings—see Werning (2007). If instead the government could optimise non-linear taxes (for
instance, on labour or capital income), the impact of inequality and tax distortions on optimal carbon
taxes would likely be smaller, because the resulting allocation would be closer to first-best.

2.5 Environmental degradation

The environmental variable is affected by the history of pollution emissions EM
t = (1 � �t) Et, initial

conditions S0, and the history of exogenous shifters �t according to

Zt = J
�
S0; EM

0 ; :::; EM
t ; �0; :::; �t

�
: (13)

In our calibration below, J is a climate model that determines Zt, the global mean temperature change
relative to pre-industrial levels. In this section and the next, we do not further specify this function and
our theoretical results can apply to any kind of pollution externality affecting production and household
utility.

8Doing so is typically optimal, as taxing pure profits does not generate distortions and income from shareholdings
tends to be unequally distributed.

9 As income rises, transfers are phased out and income taxes phased in, yielding an overall tax-transfer system that can
be approximated by an affine function. A model with uniform transfers and linear income taxes, like ours, can thus serve
as a reduced-form representation of the more complex system with targeted transfers and progressive taxes observed in
the US. Normatively, the restriction is also not too severe: starting from the US system, Heathcote and Tsujiyama (2021)
estimate that the welfare gain from moving to the optimal affine system is about two-thirds of that from implementing
the fully nonlinear Mirrleesian optimum.
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2.6 Competitive equilibrium

Given the resource constraint for the final good, which states that total output net of abatement costs
can be used for private consumption, public consumption, and investment,

Ntct + Gt + Kt+1 + �t (�t; Et) = (1 � D (Zt)) A1;tF (K1;t; H1;t; Et) + (1 � �) Kt; (14)

we define a competitive equilibrium as follows.
Definition Given a distribution of assets fai;0g, aggregate capital K0 and aggregate bond holdings
B0, a competitive equilibrium is a policy f�H;t; �K;t; �I;t; �E;t; Ttg1

t=0, a price system fpt; wt; rt; pE;tg1
t=0

and an allocation
�

(ci;t; hi;t)i ; K1;t; K2;t; Kt+1; H1;t; H2;t; Ht; Et; Zt; �t

	1
t=0

such that: (i) agents choose�
(ci;t; hi;t)i

	1
t=0

to maximise utility subject to budget constraint (2) taking policies and prices (with
pt = Rt+1pt+1) as given; (ii) firms maximise profits; (iii) the government’s budget constraint (12)
holds; (iv) markets clear: (6), (10), (11), and (14) hold; (v) the environmental variable follows (13).

3 Optimal tax rules

In this section, we use the technique introduced by Werning (2007) to express agents’ equilibrium
consumption and labour supply as a function of aggregate variables, and subsequently solve the Ramsey
problem as a function of aggregates instead of their full distributions.

3.1 Ramsey problem

A simple characterisation of equilibrium Because the government sets linear tax rates, all agents
face the same marginal rate of substitution between consumption and leisure. Consequently, the distri-
bution of individual allocations (ci;t; hi;t) is efficient given aggregates (ct; ht; Zt), where ct � Ct=Nt and
ht � Ht=Nt denote the average consumption and hours worked in period t. Following Werning (2007),
it is therefore possible to split the optimal tax problem into two steps.10 The first is to determine
individual allocations given aggregates, and the second is to determine the aggregates. Starting with
the first step, denote by ’ � f’ig a set of market weights with ’i � 0. These weights determine
how aggregate consumption and labour supply are distributed among agents. Using the property that
individual allocations are efficient given aggregates, we can characterise these individual allocations by
solving the following static sub-problem for each period t, given weights ’:

U (ct; ht; Zt; ’) � max
ci;t;hi;t

X
i

�i’iu (ci;t; hi;t; Zt) ;

s.t.
X

i

�ici;t = ct; and
X

i

�ieihi;t = ht:
(15)

Here, U (ct; ht; Zt; ’) denotes the indirect aggregate utility function, computed using market weights
and aggregates. For simplicity, in what follows we assume that utility is additively separable in Zt, so

10This would not be possible, for instance, if the government levied non-linear taxes on labour or capital income. In
that case, not all households face the same marginal rate of substitution between consumption and leisure, or between
consumption goods at different points in time. See also the discussion in Section 2.4.
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that we can write
u (ci;t; hi;t; Zt) � ~u (ci;t; hi;t) + û(Zt):

We show, in Appendix F, how our results generalise to non-separable preferences.

Implementability condition Applying the envelope theorem to problem (15) and combining the
first-order conditions with those from the consumers’ problem we get

Uh;t

Uc;t
=

uh;i;t

uc;i;tei
= �wt (1 � �H;t) ; and Uc;t

Uc;0
=

uc;i;t

uc;i;0
=

pt

�t
:

Using these relationships to substitute out for after-tax prices in each agent’s lifetime budget constraint,
for any agent i we can derive an implementability condition that depends only on the aggregates ct and
ht, and market weights ’:

Uc;0

�
R0N0ai;0 + T

�
=

1X
t=0

�tNt

�
Uc;tc

m
i;t

�
ct; ht; ’

�
+ Uh;teih

m
i;t

�
ct; ht; ’

��
, 8 i; (16)

with cm
i;t(ct; ht; ’) and hm

i;t(ct; ht; ’) solutions to problem (15). The following Proposition follows imme-
diately from the arguments above.

Proposition 1 An aggregate allocation fct; H1;t; H2;t; K1;t; K2;t; Et; Zt; �tg1
t=0 can be supported by a

competitive equilibrium if and only if the market clearing conditions (10), and (11) hold, the resource
constraints (6), (13), and (14) hold and there exist market weights ’ and a lump-sum transfer T such
that the implementability conditions (16) hold for all i 2 I. Individual allocations can then be computed
using functions cm

i;t and hm
i;t, prices and taxes can be computed using the firms’ and agents’ first-order

conditions.

Optimal tax problem Let �i be the planner’s welfare weight on type i, with
P

i �i�i = 1. To-
gether with the concavity of the individual utility function, these weights determine the government’s
preferences for redistribution. The Ramsey problem is

max
fct;H1;t;H2;t;K1;t;K2;t;

Et;Zt;�tg1
t=0;T;’

X
t;i

�tNt�i�i

�
~u
�

cm
i;t

�
ct; ht; ’

�
; hm

i;t

�
ct; ht; ’

��
+ û(Zt)

�
; (17)

subject to

Uc;0

�
R0N0ai;0 + T

�
=

1X
t=0

�tNt

�
Uc;tc

m
i;t(ct; ht; ’) + Uh;teih

m
i;t (ct; ht; ’)

�
, 8 i;

FK;tGH;t = GK;tFH;t; 8 t � 0;

Ntct + Gt + Kt+1 + �t (�t; Et) = (1 � D (Zt)) A1;tF (K1;t; H1;t; Et) + (1 � �) Kt; 8 t � 0;

Et = A2;tG (K2;t; H2;t) ; 8 t � 0;

Zt = J
�
S0; EM

0 ; :::; EM
t ; �0; :::; �t

�
; 8 t � 0;

K1;t + K2;t = Kt; 8 t � 0;

H1;t + H2;t = Ntht; 8 t � 0:

11



The first of these constraints is the implementability condition, which must hold for each agent i. It is
written solely in terms of aggregate variables and states that the present value of consumption equals
the present value of labour income, initial assets and lump-sum transfers. The second constraint states
that the marginal rate of technical substitution between capital and labour is the same in both sectors,
a restriction the government needs to satisfy because it does not use sector-specific instruments and
factors are mobile across sectors. The other constraints reflect market clearing for capital, labour, and
goods, as well as technological constraints.

To simplify the exposition, we assume for now that there is no initial wealth inequality, that is
ai;0 = aj;0 for all i and j.11 An equivalent interpretation is that there is initial wealth inequality, but
that all initial wealth can be expropriated by the planner. This would be optimal and can be achieved
by taxing it directly, setting R0 = 0, or through a combination of consumption and labour taxes—see
Werning (2007) for a discussion.12 In Section 6.1, we relax the assumption that there is no initial wealth
inequality, or equivalently that all initial wealth can be expropriated, and study the implications for
optimal taxes. Without initial wealth inequality and with the ability to adjust lump-sum transfers, the
optimal level of �K;0 is indeterminate. We therefore assume that �K;0 is taken as given by the Ramsey
planner.13

3.2 General formulas

Capital and labour income taxes From the planner’s first-order conditions, the labour and capital
income taxes are determined by

�H;t = 1 �
Uh;t

Uc;t

Wc;t

Wh;t
; and Rt+1

R�
t+1

=
Wc;t+1

Wc;t

Uc;t

Uc;t+1
;

where R�
t+1 � 1 + (1 � D(Zt+1))A1;t+1FK;t+1 � � is the social return to capital, and the pseudo-utility

function W is defined as

W (ct; ht; Zt; ’; �; �) � V (ct; ht; Zt; ’; �) +
X

i

�i�iIi(ct; ht; ’);

with
V (ct; ht; Zt; ’; �) �

X
i

�i�iu(cm
i;t (ct; ht; ’) ; hm

i;t (ct; ht; ’) ; Zt); (18)

denoting the aggregate utility based on the planner’s weights,

Ii(ct; ht; ’) � Uc;tc
m
i;t (ct; ht; ’) + Uh;teih

m
i;t (ct; ht; ’) ; (19)

11Notice that the absence of initial wealth inequality does not mean there is no wealth inequality in future periods: in
our model, persistent differences in labour productivity ultimately lead to differences in wealth.

12Levying a confiscatory tax on all initial wealth is generally optimal if assets and productivity are positively correlated.
In that case, taxing wealth reduces inequality without generating any distortions.

13If there is initial wealth inequality, the level of �K;0 is no longer indeterminate. However, when studying the impact
of initial wealth inequality on optimal taxes in Section 6.1, we also treat �K;0 as given. The reason for doing so is that
optimising over �K;0 allows the planner to confiscate all initial wealth, which immediately gets rid of all initial wealth
inequality as well.
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denoting the di�erence between agenti spending on consumption and labour income in periodt as it

appears in their implementability constraint, and � i � i denoting the Lagrange multiplier on the imple-

mentability constraint of agent i in the Ramsey problem. These optimal tax formulas are the same as

the ones obtained inWerning (2007), and hold under more general utility speci�cations�Appendix F

shows how they generalise when utility is not separable with respect toZ t .

Excise taxes on energy and emissions The planner's �rst-order conditions together with the

�rms' equilibrium conditions imply

� I;t = 0 :

As long as labour, capital, pro�ts, and pollution can be taxed, there is no point in distorting production

decisions. This result is also found inBovenberg and Goulder(1996) and Barrage (2020), and goes

back to the production e�ciency theorem of Diamond and Mirrlees (1971). Turning to the pollution

tax, we obtain

� E;t =
1X

j =0

� j

 
Vc;t+ j +

P
i � i � i I c;i;t + j

Vc;t +
P

i � i � i I c;i;t
D 0

t+ j A1;t+ j Ft+ j �
N t+ j VZ;t + j

Vc;t +
P

i � i � i I c;i;t

!

JE M
t ;t+ j : (20)

When the pollution tax increases, abatement increases, which in turn increases the scarcity of the �nal

good. The opportunity cost of reducing emissions by increasing the pollution tax, therefore, corresponds

to the marginal cost of increasing the �nal good's scarcity, captured by the termVc;t +
P

i � i � i I c;i;t . The

latter is equal to the marginal utility of raising aggregate consumption as computed using the planner's

weights, Vc;t , plus a term that captures the marginal reduction in the planner's implementation cost

from an increase in aggregate consumption,
P

i � i � i I c;i;t . Intuitively, � i represents the shadow cost of

transferring one unit of consumption to householdi , and
P

i � i � i I i;t represents the cost for the planner

to implement its preferred allocation in period t. The degree to which this cost depends on the scarcity

of the �nal good, ct , is captured by the term I c;i;t .

Importantly, equation ( 20) holds both in the �rst-best (with � i = 0 for all i ) and in the second-best.

Still, the optimal pollution tax may di�er between these two �scal environments for three reasons:

(i) the path of aggregate variables, (ii) the value of the marginal implementation cost, and (iii) given

aggregates, the distribution of individual allocations. The �rst of these captures di�erences in the size

of the economy between �rst-best, where distortionary taxes are equal to zero and redistribution is

achieved through individualised lump-sum taxes and transfers, and second-best, where distortionary

taxes are used to provide redistribution. The second and third capture the e�ect of tax distortions

and the e�ect of inequality, respectively. We explain these forces, which we attempt to quantify in

Section 5, in more detail below.

3.3 Comparison with �rst-best

The role of tax distortions The �rst potential di�erence between the �rst- and the second-best

pollution tax lies in the value of the marginal reduction in implementation cost,
P

i � i � i I c;i;t . The �rst-

best allocation�the one that maximises welfare subject to only resource constraints�is achieved when

13



the planner has access to individualised lump-sum transfers. The corresponding �rst-order conditions

imply

� i = 0 ; 8i:

In words, the government sets the individualised lump-sum transfer in such a way that the imple-

mentability condition for each agent is not binding. It follows that the planner can achieve full redis-

tribution at no cost, and the optimal pollution tax simpli�es to

� F B
E;t =

1X

j =0

� j

 
Vc;t+ j

Vc;t
D 0

t+ j A1;t+ j Ft+ j �
N t+ j VZ;t + j

Vc;t

!

JE M
t ;t+ j :

This formula illustrates the well-known Pigouvian principle according to which the optimal corrective

tax is equal to the social cost of the externality: the tax is equal to the discounted sum of marginal

(utility and production) damages valued at the marginal utility of consumption.

The second-best allocation maximises welfare subject to resource constraintsand implementability

conditions (16). The �rst-order condition with respect to the uniform, non-individualised transfer gives
X

i

� i � i = 0 :

The non-individualised transfer is set in such a way that the implementability condition is not binding

on average. From this it follows that the impact of raising aggregate consumption on the implementation

costs is X

i

� i � i I c;i;t = cov
�

� i ; I c;i;t

�
:

Thus, at the second-best, the sum of the multipliers associated with the implementability conditions

is zero, but the marginal cost for the planner to implement its preferred allocation, in a given period,

is not necessarily zero. The de�nitions below lead to Proposition2 which states how the second-best

pollution tax deviates from the Pigouvian principle when the covariance term above deviates from 0.

De�nitions (Pigouvian tax) From the �rst-best tax formula, we can decompose the Pigouvian tax

into a production component, � P igou;Y
E;t , and a utility damage component,� P igou;U

E;t ,

� P igou;Y
E;t �

1X

j =0

� j Vc;t+ j

Vc;t
D 0

t+ j A1;t+ j Ft+ j JE M
t ;t+ j ;

� P igou;U
E;t � (� 1)

1X

j =0

� j N t+ j VZ;t + j

Vc;t
JE M

t ;t+ j ;

with the total Pigouvian tax � P igou
E;t � � P igou;Y

E;t + � P igou;U
E;t , the share of marginal utility damages at

time t,

! U
t �

� P igou;U
E;t

� P igou
E;t

;

and the share of marginal production damages occurring at timet + s due to a marginal change in

emissions at time t,

� t+ s �
� sVc;t+ sD 0

t+ sA1;t+ sFt+ sJE M
t ;t+ sP 1

j =0 � j Vc;t+ j D 0
t+ j A1;t+ j Ft+ j JE M

t ;t+ j
:
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Notice that � P igou
E;t denotes the Pigouvian tax rule, which can be evaluated at di�erent allocations.

In particular, � F B
E;t corresponds to a special case where� P igou

E;t is evaluated at the �rst-best allocation.

De�nition (Marginal cost of funds) Let us de�ne the marginal cost of funds (MCF) as the ratio of

the public to the private marginal utility of consumption,14

MCF t �
� 1;t

Vc;t
;

where � 1;t denotes the Lagrange multiplier on the �nal-goods resource constraint.

Recall that Vc;t measures the marginal utility of raising aggregate consumption,ct , computed using

the planners weights. This is used to convert the welfare costs of environmental damages and tax

distortions into consumption units in the computation of both the Pigouvian tax and the MCF. Without

inequality, Vc;t coincides with the marginal utility of consumption of the representative agent. With

inequality, the welfare bene�t of raising aggregate consumption generally depends on the distribution

of marginal utilities.

De�nition (Balanced-growth preferences) An agent has balanced-growth preferences if its utility

function can be expressed as

u (ci ; hi ; Z ) =
(ci (1 � &hi ) 
 )1� �

1 � �
+ û(Z ); (21)

with 1=� the intertemporal elasticity of substitution (IES).

Proposition 2 Let � P igou
E;t

�
�
�
SB

denote the Pigouvian tax evaluated at the second-best allocation. When

the planner has only access to a uniform lump-sum transfer, the optimal pollution tax formula is a

modi�ed Pigouvian rule adjusted for the MCF,

� E;t = � P igou
E;t

�
�
�
SB

� 1X

j =0

MCF t+ j

MCF t
� t+ j (1 � ! U

t ) +
! U

t

MCF t

�
; (22)

with

MCF t = 1 +
cov(� i ; I c;i;t )

Vc;t
: (23)

If agents have balanced-growth preferences, then from period 0 the welfare-weighted average MCF is 1,
P 1

t=0 N t � t Vt � MCF tP 1
t=0 N t � t Vt

= 1 ; (24)

with Vt � V (ct ; ht ; Z t ; '; � ). If the IES is equal to 1, thenMCF t = 1 for all t � 0.
14 Jacobs and de Mooij (2015) and Jacobs and van der Ploeg(2019) use an alternative de�nition of the MCF that takes

into account �scal externalities resulting from income e�ects. They �nd that the MCF equals 1 at the optimal tax system,

owing to the fact that the government can optimise a lump-sum transfer (see also Jacobs, 2018). However, because as in

Barrage (2020) we optimise over the allocation variables directly rather than over tax instruments, it is more suitable to

de�ne the marginal costs of funds as the ratio between the multiplier on the government budget constraint and the social

welfare impact of raising aggregate consumption. This de�nition is closer to what Jacobs and de Mooij (2015) refer to as

the traditional measure of the MCF, and, as we show below, captures the di�erence between optimal pollution taxes in

�rst-best and second-best.
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The proof of Proposition 2 is provided in Appendix A.5. The optimal pollution tax balances the

marginal bene�ts of pollution abatement against the opportunity cost from reductions in aggregate

consumption. In the �rst-best, this opportunity cost is given by the marginal utility of aggregate

consumption, Vc;t . In the second-best, see equation (22), the planner also accounts for the �scal costs

associated with a reduction in consumption. At any time t � 0, the shadow cost of the consumption

good is given by Vc;t � MCF t , hence the opportunity cost of abatement is higher than in the �rst-

best if and only if the MCF is above 1. Tax distortions also a�ect the marginal bene�ts of pollution

abatement through the valuation of future production damages. In particular, when the MCF decreases

over time, tax distortions operate as a form of discounting: consumption is valued relatively more in

the present than in the future, hence future production damages receive a lower weight than in the

�rst-best Pigouvian rule. Put di�erently, in this case, taxing in the present is more costly than taxing

in the future. We show in Appendix A.5 that the ratio of MCFs can be expressed as

MCF t+ j

MCF t
=

jY

k=1

Rt+ k

R�
t+ k

;

from which we see that the MCF is constant if the capital tax is null for all future periods. Thus, as in

Barrage (2020), the optimal tax on production damages is not distorted as long as, going forward, the

capital income tax is optimally set to zero. Intuitively, in this situation, tax distortions a�ect future

marginal abatement bene�ts proportionally to current marginal abatement costs. Production damages

are then perfectly internalised, and the optimal pollution tax can be expressed as

� E;t = � P igou;Y
E;t

�
�
�
SB

+
� P igou;U

E;t

�
�
�
SB

MCF t
:

In this case, optimal carbon taxes are a�ected by the MCF in proportion to the share of utility damages.

Proposition 2 additionally provides an expression for the MCF as a function of the covariance

between � i and I c;i;t , see equation (23). The �rst term, � i , represents the shadow cost for the planner

of providing an additional unit of lump-sum transfer to agent i . While � i is zero on average at the

optimum, in the typical case where the government wishes to redistribute from rich to poor agents,

� i is positive for the rich and negative for the poor.15 The second term, I c;i;t , represents how the

di�erence between a household's current consumption expenditure and labour income changes when

more resources are available for consumption. We show in AppendixA.5 that this term is in fact driven

by two mechanisms: a volume and a price e�ect. When fewer resources are used for pollution abatement,

consumption increases, and labour supply adjusts, which also a�ects prices and wages. When households

15 As shown in Appendix A.4.2, with balanced-growth preferences,

� i =
X

j

� j � j

' j
�

� i

' i
; 8i:

The ratio � i =' i captures how much the planner values agent i relative to the market; � i is the di�erence between this

ratio and its population average. It is negative when the planner values the agent more than the market does. Since the

market weight, ' i , re�ects how rich the agent is (in present value), a redistributive planner assigns higher ratios to poorer

agents and lower ones to richer agents, yielding negative� i for the poor and positive for the rich.
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have balanced-growth preferences and the IES is equal to 1, these two e�ects exactly o�set each other,

such that the present value of resources necessary to satisfy households' budget constraints remains

unchanged. In this situation, taxing pollution does not a�ect the implementation costs that result from

distortionary taxes; the MCF is equal to 1, and the second-best tax is exactly Pigouvian. When the

IES is below 1, the price e�ect dominates, and an increase in aggregate consumption reduces the total

amount of transfers needed to satisfy agents' implementability constraints. If, at a particular point in

time, these changes are heterogeneous across households and correlate with their type, the MCF di�ers

from 1.

From the households' implementability conditions, we have that

1X

t=0

N t � t I i;t = Uc;0(R0ai; 0 + T);

and it follows that, with no initial wealth inequality (or equivalently, with full expropriation of initial

wealth), the discounted sum of I i;t is invariant across types. Intuitively, with a uniform lump-sum

transfer and no wealth inequality, the discounted sum of expenditures minus labour income must be

the same for everyone. We show in AppendixA.5 that this condition implies that with balanced-growth

preferences, the covariance term in (23) averages to 0 over time, see equation (24). Hence, the MCF is

on averageequal to 1, and the optimal pollution tax is on averageequal to the Pigouvian level.16 Still,

in any period t � 0, the MCF may di�er from 1, and hence temporary deviations from the Pigouvian

principle may occur. In particular, we show in Appendix A.5 that with balanced-growth preferences,

the covariance is positive when IES is below 1 and aggregate labour supply is high relative to its long-

run value. In this situation, increasing aggregate consumption makes it relatively easier to satisfy the

budget constraint of richer agents for whom transfers are costly for the planner (� i > 0), hence the

opportunity cost of pollution taxation is higher because of �scal motives, the MCF is above 1, and the

optimal tax is (temporarily) below the Pigouvian level.

The role of inequalities When the MCF is 1, the �rst- and second-best tax formulas coincide, and

they are both equal to the social cost of pollution. Still, the actual tax levels may di�er: because

individualised lump-sum transfers are not feasible in the second-best, even with optimal redistribution

there is someresidual inequality. It is this inequality that a�ects the welfare gains from leaving more

resources available for agents' consumption by decreasing the pollution tax. The e�ect of this residual

inequality on the optimal pollution tax depends on the curvature of agents' utility function. 17

16 This result is related to Jacobs and de Mooij (2015), who, using a di�erent de�nition of the MCF (see footnote 14),

show in a static model that the MCF is equal to 1 provided the government optimises a lump-sum transfer. Consequently,

tax distortions do not call for a lower pollution tax. Kaplow (2012) also argues that concerns about distortionary e�ects

from taxes on labour supply are independent of the question of how to tax externalities. According to Proposition 2, a

similar logic holds on average in dynamic environments as well.
17 In addition, the presence of distortionary taxation a�ects the path of aggregate variables, and thereby the level of

environmental taxes.
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Proposition 3 The social cost of pollution from utility damages is inversely related to the social

marginal utility of consumption Vc;t . If agents have balanced-growth preferences,Vc;t can be expressed

as

Vc;t =
X

i

� i � i uc;i;t + cov
�

� i uc;i;t ;
ci;t

ct

�
;

and holding aggregate variables constant, consumption inequalities a�ectVc;t in two opposite ways: i)

they increase it by increasing the average value of households' marginal utility of consumption, and ii)

they reduce it because a larger share of additional consumption,ci;t =ct , is attributed to households with

lower marginal utilities of consumption, uc;i;t . If the IES is equal to 1, the two e�ects exactly o�set

each other and consumption inequalities do not a�ect the pollution tax.

The proof of Proposition 3 is provided in Appendix A.5. In the presence of inequalities, an increase

in aggregate consumption is valued more to the extent that households' marginal utilities are higher

on average (by convexity of the marginal utility function), but it is valued less to the extent that the

increase in consumption disproportionately goes to richer households with lower marginal utilities. An

increase in the pollution tax reduces every households' consumption proportionally. When the IES is

equal to 1, the planner is indi�erent between a proportional increase in consumption for a rich or a

poor agent, so inequalities do not a�ect the planner's marginal valuation of aggregate consumption.18

When utility is more concave, the �rst mechanism becomes relatively stronger and inequalities lead to

a higher social marginal utility of consumption, thereby increasing the opportunity cost associated with

raising pollution taxes. Hence, if the IES is below one, inequality lowers the optimal pollution tax.

4 Calibration

In this section, we explain how we calibrate the model to explore quantitatively the implications of

heterogeneity in productivity for the optimal taxation of carbon, capital income, and labour income.

Because �scal policy is typically decided on at the national level, we calibrate the economic features

of our model based on one country. We assume that country takes into account the global impact

of its emissions, leaving strategic considerations aside. Speci�cally, our baseline calibration adopts

the economic features of the US and the climate model from DICE-2016. For consistency, we scale

the economy so that output and emissions match global data. The objective is to determine how an

economy with important inequalities and responsible for a signi�cant share of global emissions like the

US should design its �scal system to internalise the global e�ect of its externalities under the assumption

that global emissions are proportional to its emissions.19

18 In the simpler case where agents have logarithmic utility on consumption only, it is straightforward to see that the

distribution of households' consumption has no e�ect on the planner's valuation of a proportional increase in all agents'

consumption: X

i

� i � i ln((1 + x)ci ) �
X

i

� i � i ln(ci ) = ln(1 + x):

19 US GDP is roughly one-quarter of world GDP. So, having matched world GDP, we set the initial population to

that of the US multiplied by four, in order to also match US GDP per capita. We then separately calibrate emissions to
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4.1 Climate model

The calibration of the climate model is based on the 2016 version of DICE, presented inNordhaus

(2017). The initial period is 2015, and each period lasts 5 years. The climate model is composed of

three sets of equations describing the carbon cycle, radiative forcing, and climate change.

Carbon cycle The carbon cycle is represented by three reservoirs.SAt
t , SUp

t , and SLo
t represent the

level of carbon concentration in the atmosphere, the upper oceans and biosphere, and the deep oceans

respectively. These stocks evolve according to the following laws of motion:

Sj
t = b0;j (E M

t + E land
t ) +

3X

i =1

bi;j Si
t � 1;

where the three reservoirsj 2 f At; Up; Log are ranked as above and withE land
t denoting exogenous

land emissions. The coe�cient b0;j is 1 for the �rst reservoir, SAt
t , and 0 for the others: industrial and

land emissions directly �ow into the atmosphere, and later a�ect the other two reservoirs through the

communication between the carbon stocks captured by the parametersbi;j .

Radiative forcing The accumulation of carbon in the atmosphere increases radiative forcing,i.e.

the net radiation received by the earth. This mechanism is captured by the following equation

F t = �
�
ln(SAt

t =SAt
1750)=ln(2)

�
+ F ex

t :

whereF ex
t is exogenous forcing. A positive radiative forcing means that the earth receives more energy

from the sun than it emits back to space, and hence the climate warms.

Climate change The temperature is modelled through two equations for the mean temperature

change of the atmosphere (Z At
t ) and deep oceans (Z Lo

t ) that interact as follows

Z At
t = Z At

t � 1 + � 1
�
F t � � 2Z At

t � 1 � � 3(Z At
t � 1 � Z Lo

t � 1)
�
;

Z Lo
t = Z Lo

t � 1 + � 4(Z At
t � 1 � Z Lo

t � 1):

All the parameters of the climate model are taken from DICE-2016, and reported in TableVI in

Appendix G.

match global levels. One interpretation is that the world economy consists of a single global economy, equivalent to four

US economies, setting income and climate taxes to address US-like inequality and global climate change (Figure 21a in

Appendix H.4 shows how our results vary with inequality). Alternatively, and equivalently, our preferred interpretation

is that the model describes the optimal policy for the US under the assumption that the rest of the worlds emissions are

proportional to its own, and that global damages are internalised as if they a�ect others analogously to how they a�ect

the US. This is consistent with treating each unit of US emissions as scaled to the global level, with global-level damages

then taken into account.
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4.2 Damages

We also model production damages as in DICE-2016, with

D(Z t ) = a1Z t + a2Z a3
t ; (25)

We assume thatD(Z t ) is a simple quadratic function with a1 = 0 and a3 = 2 . The relevant Z t that

enters this formula is the atmospheric temperature change,Z At
t . Since DICE does not distinguish

between production and utility damages, we follow Barrage (2020) to decompose the damages from

DICE into a production and a utility component. We apply her decomposition and assign 74% of

damages at 2.5°C warming to output, and 26% to utility. This provides an adjusted value for the

parameter a2 in equation (25) relative to DICE and enables us to calibrate utility damages, speci�cally,

the preference parameter� 0 described below.

To examine to what extent our results depend on the underlying SCC, which could depend on

the choice of climate model, we also consider an alternative �high damage� speci�cation. Instead of

assuming quadratic damages, we consider a cubic function (a1 = 0 , a3 = 3 ) and we adjust the coe�cient

a2 such that damages are identical to the baseline scenario at current warming. This high damages

scenario therefore assumes that the damage function in DICE correctly captures current damages but

underestimates damages at higher levels of warming because of the high uncertainties surrounding the

impacts of climate change at these higher temperatures (seee.g., Weitzman, 2009; Pindyck, 2013).

4.3 Households

We assume households have balanced-growth preferences as de�ned in (21) with utility damage from

temperature increases given by

û(Z ) =

�
1 + � 0Z 2

t

� � (1� � )

1 � �
;

as in Barrage (2020). Using market weights, the intertemporal aggregate utility can be written as

X

t

� t N t U (ct ; ht ; Z t ; ' ) =
X

t

� t N t

�
(ct (1 � &ht ) 
 )1� �

1 � �
+ �

�
1 + � 0Z 2

t

� � (1� � )

1 � �

�
;

with � �
P

i � i ' i , and whereZ t � Z At
t is the atmospheric temperature change (see AppendixA.4.1).

To ensure that aggregate emissions remain consistent with DICE, we calibrate the growth rate of

population accordingly. Because we also want to match the GDP per capita of the US, we set the

population levels as US population multiplied by the ratio of world GDP to US GDP in 2011-2015, the

�rst period of the model.

Following DICE, we set the discount factor to � = 1=(1 + 0 :015) per year, and the inverse of the

IES to � = 1 :45. The parameters 
 and &are set in order to match a Frisch elasticity of labour supply

of 0.75 (seeChetty et al. , 2011) and an average per capita labour supply ofh2015 = 0 :277 in the initial

period (computed from the Survey of Consumer Finances, see AppendixG.4).

We calibrate the ability distribution on the basis of hourly wage data that we obtain from the Survey

of Consumer Finances (SCF). To be consistent with the initial period in DICE (2011-2015), we use the
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SCF 2013. We divide the sample of working households into ten groups of hourly wage deciles (i.e.,

I = 10, and for all i , � i = 0 :1), with an hourly wage of $6.44 for the bottom productivity group and

$101.35 for the top productivity group, and normalise productivity levels such that
P

i � i ei = 1 . The

full procedure is described in AppendixG.2. While we calibrate productivity levels directly instead of

targeting a speci�c ex post distribution, the model correctly predicts consumption inequalities, with a

consumption Gini of 0.33, very close to the value of 0.32 observed in the data (seeHeathcote et al.,

2010). Thus, although our model abstracts from idiosyncratic income risk, we still correctly capture

lifetime economic inequalities.

4.4 Production

We model production using a Cobb-Douglas technology for both sectors. We have

F (K 1;t ; H1;t ; E t ) = K �
1;t H

1� � � �
1;t E �

t ;

with � = 0 :3, and � = 0 :04 (from Golosov et al., 2014), and

G(K 2;t ; H2;t ) = K 1� � E
2;t H � E

2;t ;

with � E = 0 :403(from Barrage, 2020). The initial total factor productivities A1;2015 and A2;2015 are set

such that output in sectors one and two match world GDP (2011-2015 average from the World Bank)

and aggregate industrial emissions (from DICE-2016) respectively, and their growth rate are taken from

DICE-2016.20 Our abatement cost function is also taken from DICE, with the following speci�cation

�( � t ; E t ) = c1;t �
c2
t E t ;

where c1;t c2 = Pbackstop
t represents the backstop price,i.e. the price at which it becomes economical

to abate 100% of emissions. As in DICE-2016, we assume that this price is 550$/tCO2 in the initial

period, and declines at a rate of 0.5% per year. We also set the exponentc2 = 2 :6 as in DICE.

4.5 Government

We set the tax rates on capital and labour income in line with e�ective rates computed by Trabandt

and Uhlig (2012), at � K = 0 :411and � H = 0 :255in our baseline (see AppendixG.1). We follow Barrage

(2020) and set the intermediate-goods tax to� I = 0 . The tax on carbon emissions,� E , is set at a level

so that, in our calibrated economy, 3% of total energy is obtained from clean technologies (Nordhaus,

2017). This requires � E = 2 :01$/tCO 2 in 2015.

To calibrate initial, outstanding debt B0 at the start of the economy, we calculate the di�erence

between total liabilities and �nancial assets from the US government's balance sheet, both as a per-

centage of GDP.21 Following Barrage (2020) and in order to facilitate reproducing results for other

20 To calibrate the initial values of K 1;0 and K 2;0 , we assume that the economy is in a balanced-growth path in which

temperature remains constant at the current level.
21 The numbers are calculated at the �General Government� level. We also explore the sensitivity of our results to

di�erent levels of initial government debt.
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(a) Optimal labour income taxes (b) Optimal capital income taxes

Figure 1: Optimal Income Taxes.

Notes: Figures show the path of second-best labour and capital income taxes for the baseline calibration. Initial tax rates

(for 2015) are set exogenously to their current levels obtained from Trabandt and Uhlig (2012).

countries, these data are obtained from the IMF Government Finance Statistics. This gives an average

debt-to-GDP ratio of approximately 111% over the period 2011�2015.

Turning to government spending, in our model Gt denotes government consumption, whileT cap-

tures the present value of all lump-sum transfers. To better align the model with the data, we follow

Barrage (2020) and split total government spending into �nal good spending GC
t , and exogenoustrans-

fers GT
t . The total transfers that households receive consist of the exogenous component,GT

t , and the

endogenous component,T. As in Barrage (2020), empirical counterparts of GC
t and GT

t are obtained

from the IMF Government Finance Statistics. The initial value of government consumption, GC
0 , is

15.8% of GDP, while the exogenous transfers,GT
0 , are set at 14.5% of GDP. See AppendixG.1 for

details.

5 Quantitative results

We now present the optimal policy obtained under a utilitarian welfare criterion ( i.e., � i = 1 for all i ),

and the associated welfare e�ects compared to a climate-skeptic planner scenario in which the planner

ignores the anthropogenic origin of climate change and consequently sets the carbon tax to zero.22

5.1 Optimal policy

Optimal tax paths Figure 1 shows the path of optimal taxes on capital and labour income in our

baseline scenario. Compared to their calibrated levels, the labour income tax roughly doubles in the

�rst period, from 25% to about 50%, and stabilises at this level. Rebating the revenue from these taxes

via lump-sum transfers achieves most of the redistribution implied by the optimal tax system. Because

lump-sum transfers are available and there is no initial wealth inequality, the only reason to tax capital

22 Details on the algorithm used to compute the Ramsey policy can be found in Appendix I.
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(a) Optimal carbon taxes ($/tCO 2) (b) Carbon tax decomposition

Figure 2: Carbon Taxation.

Notes: (a) Figure shows the path of second-best carbon taxes for the baseline calibration expressed in dollars per ton of

CO2 . The initial level (for 2015) is set exogenously to its current level obtained from Nordhaus (2017). (b) The black

line represents the second-best carbon tax normalised to1. The red line shows what this tax would be if the MCF was

set to 1 in all periods, holding aggregates constant (see Proposition 2). The blue line shows what this tax would be

absent consumption inequalities, again holding aggregates constant (see Proposition3). All taxes are computed under the

baseline calibration.

income is to mitigate intertemporal distortions associated with labour income taxation. Since optimal

labour income taxes are close to constant, the optimal capital income tax converges to zero quickly after

the second period.23 Appendix E examines scenarios with further constraints on policy instruments

leading to deviations from this result.

Figure 2a shows the optimal path of carbon taxes: in the baseline scenario, the tax starts at

21.7$/tCO2 in 2020 and goes up to reach 229.2$/tCO2 a century later. These tax levels are consistent

with the ones found in Barrage (2020) and Nordhaus (2017, 2018), but are too low to contain climate

change to a level consistent with the +2°C objective of the Paris Agreement. In the �high damages�

scenario, introduced in Section4.2, it is optimal to stay close to the Paris objective. Then, the optimal

income taxes remain almost the same, while the carbon tax is roughly four times as large (see Appendix

H.1).

Carbon tax decomposition Figure 2b shows the implications of tax distortions and inequality on

optimal carbon taxes, for given paths of aggregate variables.24 The black line plots the second-best

pollution tax, normalised to 1. The red line, in turn, shows what the pollution tax would be if the MCF

is set to 1 in each period. This level corresponds to the SCC. Recall from Proposition2 that the MCF
23 Notice that, because the government has access to lump-sum taxes, the reason for zero long-run capital income

taxation is di�erent from the usual Chamley (1986) and Judd (1985), and is not subject to the criticism in Straub and

Werning (2020).
24 To focus exclusively on the e�ects of tax distortions and inequality, we thus abstract from di�erences in the size of

the economy between �rst-best and second-best. Put di�erently, our focus is not on comparing the optimal carbon tax

in a �rst-best versus a second-best world. Rather, we are interested in assessing how far o� a planner would be if they

applied the �rst-best formula�thus ignoring the role of inequality and tax distortions�in a second-best setting.
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is 1 on average. As it turns out, temporary deviations of the MCF from unity play an insigni�cant

role: the second-best carbon tax is initially only 0.5% below the SCC, a di�erence that becomes even

smaller in subsequent periods. Thus, even in the presence of distortionary taxation, it is optimal to

set the carbon tax approximately equal to the SCC in every period (i.e., at the Pigouvian level). This

result contrasts with Barrage (2020), who, in a representative-agent setting, �nds that the MCF exceeds

one, which leads to optimal carbon taxes lower than the SCC.25 The reason is that in her model, the

government has to rely on distortionary taxes to generate revenue. By contrast, in our framework, the

government optimally choosesto levy distortionary taxes for redistributive purposes. Tax distortions

do not call for deviations from the SCC to the extent that they are used to provide redistribution.

To study the role of inequality, the blue line plots what happens to the carbon tax when we

abstract from household inequality (i.e., with all households' consumption and labour supply equal to

the aggregate values). The discrepancy between the blue and red lines indicates the degree to which

inequality matters for optimal carbon taxes, through its impact on the SCC. The SCC is determined

by the trade-o� between reducing damages and increasing aggregate consumption. As explained below

Proposition 3, the residual inequality that remains after redistributive taxes have been optimised raises

the value of increasing aggregate consumption if� > 1. With � = 1 :45, ignoring inequality leads to an

SCC that is on average 3.9% higher over the next century. Hence, taking inequality into account has

a moderately negative impact on optimal carbon taxes.

Role of lump-sum transfers A potential explanation for why the MCF has such a small impact

on optimal carbon taxes in our setting is that the government has access to a non-distortionary source

of revenue. Perhaps surprisingly, this is not the case: with inequality, the MCF is close to 1 even if we

remove the planner's ability to adjust lump-sum transfers. To make this point clear we consider the

following two experiments. In the �rst, we shut down inequality and the ability of the planner to change

the level of lump-sum transfers. Our setting then simpli�es to a representative-agent environment and

the experiment con�rms the main results obtained in Barrage (2020). Figure 3a shows the e�ect of the

MCF, which is sizeable when compared to our benchmark results; tax distortions call for lower carbon

taxes. We also show how the results change when we vary the amount of �scal pressure by reducing

the initial level of net government debt to zero (light-shaded lines), and by doubling the benchmark

value (dark-shaded lines). Naturally, the MCF calls for a larger reduction of carbon taxes when �scal

pressure is higher.

In the second experiment, we maintain the constraint that the planner cannot adjust lump-sum

transfers but reintroduce labour income inequality. Figure 3b shows that, unlike in the representative-

agent case, the e�ect of the MCF is reduced to virtually zero�similarly to the benchmark results from

Figure 2b. The reason behind this perhaps surprising result is that preventing the government from

25 Speci�cally, Barrage (2020) �nds that, in the 21 st century, optimal carbon taxes are about 8% lower when there

are distortionary taxes. Unlike our approach, which compares formulas evaluated at the same allocation, this number

also re�ects residual di�erences in aggregates after the economy is re-calibrated to resemble the second-best setting more

closely. Figure 2 of Barrage (2020) suggests that the majority of this e�ect is driven by di�erences in the MCF, especially

in earlier periods.
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(a) Representative-agent economy (b) Labour income inequality

Figure 3: Fixing Lump-Sum Transfers.

Notes: The black line represents the second-best carbon tax normalised to1. The red lines show what this tax would be

if the MCF was set to 1 in all periods, holding aggregates constant. The blue lines show what this tax would be absent

consumption inequalities, again holding aggregates constant. All taxes are computed under the baseline calibration except

for the fact that for the light-shaded lines we reduce the initial net government debt to zero, while for the dark-shaded

lines, we double the benchmark value.

adjusting the level of lump-sum transfers a�ects the level of tax distortions only to the extent that this

constraint is binding. In the representative-agent economy, the planner would optimally want to set

the endogenous transferTt to a large negative value, such that the total lump-sum tax � (GT
t + Tt )

�nances all its exogenous spending with income taxes optimally set to zero. ImposingTt = 0 , for all

t, therefore has a large impact on the amount of tax distortions. With inequality, the planner would

optimally choose to provide lump-sum transfers for redistribution, hence the constraint overTt is less

binding. In our benchmark, it happens to be optimal to keep lump-sum transfers,GT
t + Tt , close to

their calibrated level, GT
t , hence the constraint that the planner cannot adjust lump-sum transfers is

hardly binding. Notice, however, that even with the substantial changes to �scal pressure associated

with eliminating or doubling net government debt, the e�ect is still subdued. The e�ect of the MCF

can even �ip sign when meeting the necessary revenue actually requires lower income taxes compared

to what an unconstrained planner would choose. This happens if net government debt is set to zero,

in which case ignoring the MCF leads to a small reduction in carbon taxes: see the light-shaded curve

in Figure 3b. Finally, notice that the e�ect of inequality relative to the e�ect of the MCF, as captured

by the distance between the blue and red lines, is fairly robust to changes in �scal pressure.

Sensitivity to calibration choices The level of government expenditures does not signi�cantly af-

fect the results. When choosing government expenditures such that current taxes are sustainable�at

22.5% instead of 30.3% of GDP�the e�ects of the MCF and inequalities are una�ected. In Ap-

pendix H.1, we also show that with a more severe calibration of climate damages leading to an SCC

about four times higher, the role of the MCF remains negligible while the e�ect of inequalities decreases,

to 2.6% instead of 3.9% in our baseline. This lower value is due to the lower share of utility damages
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at lower levels of warming (that result from higher carbon taxes). Figure21b, in Appendix H.4, illus-

trates this intuition: the �gure plots the e�ect of inequalities on the optimal carbon tax for alternative

values of the share of utility vs. production damages. When climate change impacts production only,

inequalities have no e�ect on the optimal carbon tax. In line with Proposition 2, as the share of utility

damages increases, the e�ect of inequalities rises, although at a decreasing rate. For instance, if 10%

of damages were directly impacting utility at 2.5°C warming instead of the 26% from the baseline, the

e�ect of inequalities on the carbon tax would be 1.8% instead of 3.9%. If the share of utility damages

was 40%, the e�ect of inequality would increase to 5.2%.26 Finally, we also consider di�erent levels

of income inequality (see Figure21a in Appendix H.4). The e�ect on the optimal carbon tax appears

relatively linear: it would be twice smaller if inequalities were twice lower than currently observed in

the US.

As highlighted in Proposition 3, the e�ect of inequalities is sensitive to the value of � , which in

our dynamic framework with heterogeneous agents captures both the IES and the degree of inequality

aversion of the planner. Figure 21c in Appendix H.4 plots the e�ect of inequalities on the optimal

carbon tax for di�erent values of � . As stated in Proposition 3, the e�ect is null when � = 1 . For

higher degrees of inequality aversion, however (i.e., higher values of� ), the e�ect goes up non-linearly:

with � = 2 , inequalities reduce the optimal carbon tax by 16.2%, instead of 3.9% with our baseline

value of � = 1 :45 taken from DICE. So, credible alternative calibrations could lead to stronger e�ects

of inequality.

5.2 Fiscal adjustments relative to a climate-skeptic planner

Table I below reports the adjustments made to the government budget between our baseline scenario

and a �climate-skeptic� planner scenario in which the planner ignores the anthropogenic origin of climate

change. Speci�cally, this climate-skeptic planner sets all taxes optimally but behaves as if the climate

variable were exogenous and not driven by human-made emissions. The objective of this experiment

is to see how the planner should adjust the �scal system once it acknowledges the necessity to address

climate change. As shown in the table, the additional revenue provided by the carbon tax is split about

equally between reducing distortionary taxes, with the present value of the labour tax decreasing by

0.7% of GDP, and increasing transfers, whose present value increases by 0.8% of GDP.27,28 Intuitively,

because labour taxes and transfers are optimised, it is optimal to use the revenues from carbon taxation

26 Cruz and Rossi-Hansberg (2024) estimate climate damages on productivity and amenities, and �nd that in the long

run, up to half of the damages impact utility directly through amenities (in which case the e�ect of inequalities would

go up to 5.9%). In the short run, direct utility damages represent a smaller share, more consistent with our calibration

obtained from Barrage (2020).
27 The � 0.3% change in government consumption expenditures reported in Table I results from the e�ect of carbon

taxation on the present value of GDP since the expenditures are exogenous.
28 This result echoes the recent �ndings of van der Ploeg et al. (2022), who argue that rebating carbon taxes using

a combination of higher transfers and lower income taxes is most e�ective in garnering public support. Fried et al.

(2024) study the optimal recycling policy for an exogenous carbon tax introduced in a sub-optimal tax system and �nd

that two-thirds of the carbon tax revenue should be used to reduce taxes on capital income and one-third to provide

redistribution.
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to both reduce labour taxes and raise transfers, rather than doing only one of these. This �nding violates

the weak double-dividend hypothesis (for a review, seeGoulder, 1995), according to which it is optimal

to use the proceeds of the carbon tax exclusively to reduce distortionary taxes. With heterogeneous

agents, distortionary taxes serve a redistributive purpose, hence it is not desirable to reduce them unless

additional transfers can be provided through other means. This result also gives some grounds to the

popular carbon tax and dividend policy (see the Economists Statement on Carbon Dividends,Akerlof

et al., 2019) that calls for redistributing the proceeds of the tax via lump-sum transfers to address

redistributive concerns�although we �nd that only half of the tax revenue should serve that purpose,

the rest being aimed at improving economic e�ciency.

Table I: Government Budget Adjustment.

Revenue Source Revenue Use

Labour Capital Carbon Gov. Cons. Transfer Interest

No Carbon Tax 33.5% 0.6% 0.0% 17.2% 14.6% 2.3%

Optimal Carbon Tax 32.9% 0.6% 1.2% 16.9% 15.4% 2.3%

Change � 0.7% 0.0% 1.2% � 0.3% 0.8% 0.0%

Notes: Numbers represent the present value of each component of the government budget constraint divided by the

present value of GDP, in the scenarios without carbon taxes (�rst row) and with carbon taxes (second row). The third

row displays the di�erence between the two scenarios.

5.3 Welfare e�ects

Figure 4adisplays the percentage increase in consumption that would be necessary in the climate-skeptic

scenario to make households as well-o� as in the optimal scenario in each decade and for each produc-

tivity group. The average inter-temporal gains are positive for all productivity groups�the average

discounted gain is 5.8% with baseline damages.29 However, the period welfare gains, which determine

how di�erent generations are a�ected, are heterogeneous over time and between groups. Overall, welfare

29 The comparable number in Barrage (2020) is about 1%. Within this century, our period welfare gains are of similar

magnitude but begin to diverge afterward. These di�erences stem mainly from assumptions about carbon taxation in

the next century. Speci�cally, Barrage (2020) states that �carbon taxes are allowed after 2115 so as to keep the analysis

in an appropriate range for the (smooth) damage function,� which limits the business-as-usual temperature increase to

4.3 degrees. In contrast, we keep carbon taxes at zero until 2240 (see AppendixI), resulting in temperature increases

exceeding 12 degrees by then (see Figure11). This leads to larger welfare e�ects, ampli�ed by convex damages and

rising consumption levels due to economic growth�which increases the consumption value of improved climate, a luxury

good under additively separable preferences. While such long-run projections warrant caution (the IPCC typically limits

projections to 2100), their welfare implications can be substantial. Accordingly, our 5.8% average welfare gain should be

interpreted with caution, while near-term period welfare gains in Figure 4 are more reliably estimated.

27



gains increase dramatically after the 21st century.30 While they are initially progressively distributed,

this pattern eventually reverses. The reason why the optimal carbon tax is progressive initially is that

the revenue gains from carbon taxation are rebated through both a higher lump-sum transfer and a

reduction in the labour income tax rate (see TableI). The overall progressivity of the tax system in-

creases, which makes poorer households bene�t more from the initial increase in carbon taxes. In the

long run, richer households are the ones who bene�t more from carbon taxation. A signi�cant share

of the welfare gains from lower temperatures comes from reduced utility damages. Richer households

care relatively more about those damages in the sense that, since the IES is below 1, they are willing

to give up a higher share of their consumption for a reduction in temperature. This explains why, in

the long run, the welfare gains from carbon taxation are regressive. It is worth emphasising that this

exercise abstracts from heterogeneity in climate damages, an extension that we theoretically investigate

in Section 6.3.

(a) Optimal policy (b) SCC and double dividend

Figure 4: Period Welfare Gains (%).

Notes: For each decade and each income decile the table shows the welfare gains, in percentage of consumption, of

moving from a scenario without carbon taxation and otherwise optimal income taxes to: (a) optimal carbon and income

taxation accounting for inequality; (b) carbon taxes set to the SCC and extra revenue used to reduce labour income taxes.

Numbers are computed under the baseline calibration. The large welfare gains in the 22nd century re�ect the fact that,

as consumption levels grow and environmental quality declines, households are willing to give up more consumption to

prevent an increase in temperature.

To better understand the bene�ts of combining optimal carbon taxation with optimal income tax-

ation, we present, in Figure 4b, the result of another experiment. Starting again from the optimal

policy of a climate-skeptic planner, we set carbon taxes to the SCC, ignoring inequalities, and we use

all additional revenue exclusively to reduce distortive labour-income taxes�following the prescription

associated with the double-dividend hypothesis. In this case, the policy is regressive from the begin-

ning with poorer households bearing the bulk of the costs associated with the introduction of carbon

taxation. These results may illustrate why carbon tax policies are often considered unpopular because

30 As shown in Dietz et al. (2021), the DICE-2016 model features relatively high thermal inertia, i.e., the temperature

response to an impulse in emissions is delayed compared to what climate science models predict (note that this issue was

addressed in the updated version of the model, DICE-2023, seeBarrage and Nordhaus, 2024). If this response was more

immediate, welfare gains from carbon taxation could become positive earlier.
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of their potentially regressive e�ects.31 Our results indicate that combining the implementation of

carbon taxation with an appropriate increase in the progressivity of the tax system can, therefore, be

important for a more equitable sharing of the gains from carbon taxation. Then, even though these

gains disproportionately bene�t future generations, the optimal carbon tax policy still bene�ts poor

households in the present, which could make the policy more attractive to a government concerned

with redistribution and increase public support in the �rst stages of the policy implementation. 32

6 Additional sources of heterogeneity

In this section, we study the e�ects of introducing additional sources of heterogeneity. We consider, in

turn, inequality in wealth, energy demand, and sensitivity to environmental damages.

6.1 Initial wealth inequality

With inequality in initial asset holdings, if the planner is allowed to set the tax on capital income in the

�rst period, it is optimal to fully expropriate initial wealth (provided that less productive households

are also less wealthy). To study the implications of wealth inequality on optimal �scal policy, we

therefore assume that the planner is unable to set the capital income tax in the �rst period,i.e. � K; 0

is exogenous. We discuss the optimal rules and investigate the quantitative e�ects given the levels of

wealth inequality observed in the US. In Appendix B.1, we also discuss the implications of initial wealth

inequality for the time-consistency of Ramsey policies.

6.1.1 Optimal tax rules

For t � 1, the optimal tax rules are not a�ected by the presence of initial wealth inequality.33 However,

if � K; 0 cannot be chosen to eliminate initial wealth inequality, there is another reason for deviating from

Pigouvian taxation in period 0. Let � denote the shadow cost of wealth inequality,

� �
X

i

� i � i ai; 0;

then, the optimal period-0 pollution tax is given by (see Appendix B.6):

� E;0 =
1

� 1;0

� 1X

j =0

� j �
� 1;j D 0

j A1;j Fj � N j WZ;j
�

JE M
0 ;j � N0Uc;0� (1 � � K; 0) D 0

0A1;0FK; 0JE M
0 ;0

�
; (26)

31 The French Yellow Vests movement o�ers a good example: following the double-dividend strategy, the French gov-

ernment simultaneously increased the carbon tax while reducing taxes on capital and labour. Concerns about the impact

on the purchasing power of (poor) households led to massive social unrest and the ultimate withdrawal of the planned

carbon tax increases (seeDouenne and Fabre, 2022).
32 Goulder et al. (2019), among others, argue that carbon taxes can have progressive e�ects even with revenue recycled

through labour income taxes, as in�ation indexing raises real transfers for lower-income households. In our model, which

abstracts from nominal rigidities, this e�ect is captured directly through an explicit increase in real transfers.
33 The exception is the tax rule for � K; 1 . See Appendix B.5 for details.
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where

� 1;0 = Wc;0 � Ucc;0R0� (27)

is the planner's multiplier on the aggregate resource constraint.

Notice that wealth inequality, through � , a�ects pollution taxation in period zero via two mecha-

nisms: (1) it leads to an additional term, the last one in equation (26); and (2) it a�ects the planner's

valuation of a unit of consumption in period 0. First, the additional term has to do with the fact that

higher damages reduce interest rates, which, as a side-e�ect, mitigates wealth inequality, calling for

lower pollution taxes. This is a very subtle e�ect and quantitatively this term is small. Second, the

e�ect on � 1;0 is a result of the fact that we do not allow full expropriation of initial wealth, which could

be achieved by increasing� K; 0 so that R0 = 0 . We instead �x � K; 0, which is equivalent to having the

planner expropriate all initial wealth and then partially returning it to each household. When more

productive households have higher wealth, this is costly for the planner, so� > 0. The opportunity

cost of abatement, given by � 1;0, is then higher to the extent that reducing aggregate consumption

exacerbates the cost of initial wealth inequality by increasing the consumption value of initial wealth�

see equation (27). This e�ect leads to a substantial reduction in period-0 pollution taxes. Similarly to

inequalities in productivity, wealth inequalities reduce the optimal pollution tax, although the e�ect is

concentrated in the �rst period.

6.1.2 Quantitative analysis of the e�ect of wealth inequality

We calibrate the joint distribution of productivity and initial wealth using data from the SCF. We

divide households into 10 productivity groups, and 10 wealth groups within each productivity group,

for a total of 100 di�erent groups of equal size. The full procedure is described in AppendixG.3. We

�x � K; 0 to be at the same level as in the current tax system, at 41.1%.

Figure 5 below provides a decomposition similar to the one shown in Figure2b above.34 Wealth

inequalities call for a signi�cant reduction of the optimal tax in the �rst period (green line). This e�ect

is fully driven by the second mechanism described above,i.e. the higher value to the planner of an

extra unit of consumption in period 0, � 1;0. To mitigate the negative impact on productive e�ciency,

the large temporary decrease in the optimal carbon tax is accompanied by an equivalent increase in

the energy tax, � I . Despite the large impact of wealth inequality on carbon taxes in the initial period,

the e�ects of tax distortions (red vs. green) and consumption inequalities (blue vs. red) remain very

similar to the baseline in subsequent periods.

34 Appendix H.3 includes �gures for the optimal path of income and carbon taxes with initial wealth heterogeneity when

the initial capital tax is �xed at its current level. The appendix also contains a table showing the government budget

adjustments made relative to the climate-skeptic planner and a �gure that displays the distribution of the lifetime welfare

gains for each of the 100 groups. These gains are U-shaped with respect to income, but strictly increasing with initial

wealth.
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Figure 5: Carbon Tax Decomposition, Initial Wealth Heterogeneity and Exogenous Initial Capital Tax.

Notes: The black line represents the second-best carbon tax normalised to1. The green line shows what this tax would

be without wealth inequality, holding aggregates constant�more precisely, it shows what happens to � E;t in equation ( 26)

if � is set to zero. As in Figure 2b, the red and blue lines display the e�ects of the MCF and inequalities respectively,

relative to the green line. All taxes are computed under the baseline calibration.

6.2 Energy consumption inequality

A key concern regarding the distributional impact of carbon taxation is that households' energy budget

shares di�er, both between and within income groups (seee.g., Pizer and Sexton, 2019). To explore

this issue, we now introduce into our benchmark model a seconddirtier consumption good and hetero-

geneous preferences over this good.

Two-goods economy Formally, we assume that a household of typei derives utility from the con-

sumption of a �nal good ci;t , a dirtier good di;t , labour supply hi;t , and environmental degradation Z t

according to a utility function
1X

t=0

N t � t ui (ci;t ; di;t ; hi;t ; Z t ) ,

where the second dirtier good,di;t , is produced with a linear technology that uses energy as its only

input. For simplicity, we assume that energy produced in the energy sector,E t , is now used in the �nal

good sector or directly consumed by households, such that

E t = E1;t + N t dt ;

with E1;t denoting the quantity of energy used as an input in the �nal good sector anddt =
P

i � i di;t the

households' per capita energy consumption. In order to match empirically observed budget shares for

energy for di�erent income groups, we assume households' utility can be represented by the following

period utility function,

ui (ci;t ; di;t ; hi;t ; Z t ) =

�
ci;t (di;t � �di;t ) � (1 � &hi;t ) 


� 1� �

1 � �
+ û(Z t ): (28)
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Thus, in line with previous studies in this literature ( e.g. Fried et al., 2018; Klenert et al. , 2018;

Aubert and Chiroleu-Assouline, 2019; Jacobs and van der Ploeg, 2019), preferences for consumption

are modelled with a Stone-Geary utility function, so that an agent of type i experiences positive utility

from energy consumption only after consuming its �rst �di;t units of energy. Therefore, �di denotes the

subsistence consumption level of energy for an agent of typei , which we allow to be type-speci�c. This

speci�cation allows us to consider households with non-homothetic preferences to better capture the

heterogeneous impact of pollution taxes on households' budgets. Assuming type-speci�c values for�di ,

this speci�cation also allows us to potentially consider non-linear aggregateEngel curves as well as

horizontal heterogeneity.35;36

With an additional consumption good, we assume the planner uses an additional instrument to

keep the tax system complete: it levies an excise tax� D;t on households' consumption of energy.37 The

budget constraint of agents of typei can, thus, be expressed as

1X

t=0

pt N t

�
ci;t + di;t (pE;t + � D;t ) � (1 � � H;t ) wt ei hi;t

�
� R0N0ai; 0 + T: (29)

To focus on demand heterogeneity, we assume�as in our baseline�that there is no initial wealth

inequality, so that ai; 0 = a0, for all i . We apply the same solution method as in our benchmark model

and provide derivation details in Appendix C.

6.2.1 Optimal tax rules

Propositions 4 and 5 below state the role of preferences for the additional polluting good on the optimal

taxation of pollution and energy consumption respectively.

Proposition 4 If agents' utility is given by (28), the optimal pollution tax can be expressed as (22),

i.e. a modi�ed Pigouvian rule that accounts for the MCF given by

MCF t = 1 +
cov(� i ; I c;i;t )

Vc;t
;

with

I c;i;t = (1 � � )Uc;t

�
(1 + 
 + � )! i � 


ei

1 � &ht
+ �

�di;t

dt � �dt

�
:

From period 0, the over-time welfare-weighted average MCF is 1. If the IES is equal to 1, thenMCF t =

1 for all t � 0.

35 With Stone-Geary preferences, agents' Engel curves are linear. However, when preferences are heterogeneous, the

aggregate distribution of expenditures may be a non-linear function of income.
36 Horizontal heterogeneity arises when households with the same income do not consume goods in the same proportions.

Recent studies have shown the importance of horizontal heterogeneity on the distributional impacts of energy taxes in the

US (Cronin et al. , 2019; Pizer and Sexton, 2019), and their implications for the design of tax reforms ( Sallee, 2019).
37 Without this instrument, there would be an additional constraint on the set of implementable allocations the planner

has to satisfy. To prevent the optimal carbon tax from attempting to correct for this missing instrument, we assume the

planner can also levy a tax on households' energy consumption.
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The proof of Proposition 4 is provided in Appendix C.4. This result implies that the additional dirty

good a�ects the optimal pollution tax formula only through the MCF: energy needs a�ect households'

budget constraints, thereby a�ecting the planner's implementation cost over time. This mechanism

might cause temporal �uctuations in the MCF, but it does not a�ect its long-term average value that

remains equal to 1 as in the benchmark. In addition, as in Proposition2 above, when the IES is equal

to 1, the price and volume e�ects from an increase in aggregate consumption exactly o�set each other,

so households' total expenditures net of labour income remain una�ected by a marginal increase in the

pollution tax and the MCF is equal to 1 in all periods.

Proposition 5 If agents' utility is given by (28), then the optimal tax on the polluting good is given

by

� D;t =
� t � ct

(dt � �dt )2

� + 	 &
(� � 1)
(1� &ht ) � � t � (� � 1)

(dt � �dt )

;

with

� �
X

j

� j
� j

' j
+

�
1 � (1 + � + 
 )(1 � � )

�
cov(� i =' i ; ! i ); 	 � �

cov(� i =' i ; ei )
&

; � t � � cov(� i =' i ; �di;t ):

The proof of Proposition 5 is provided in Appendix C.4. A corollary to this proposition is that, when

preferences for the energy good are homogeneous, the optimal excise tax on this good is zero, as� t = 0 .

We also show in AppendixC.4 that, in this case, the explicit formulas for labour, capital, and energy

input taxes are unchanged relative to the benchmark model. Thus, although poor households spend a

larger share of their budget on the polluting energy necessity, the optimal tax formulas are the same as

in the benchmark model. This result is reminiscent ofJacobs and van der Ploeg(2019) who show that as

long as Engel curves are linear�which is the case with Stone-Geary utility�corrective taxation should

not serve to address redistributive objectives, even when non-linear income taxation is not available.

Still, the optimal tax levels might di�er from the benchmark due to di�erences in allocations: having

a second good modelled as a necessity generates a �xed cost to households' utility, which exacerbates

inequalities.

In the general case where preferences di�er between agents, the energy good is subsidised,� D < 0,

if the agents who are valued relatively more by the planner compared to the market (higher� i =' i ) have

higher energy needs,�di;t . In this case, the aggregateEngel curves are non-linear, hence subsidies on

necessities o�er an additional levy for redistribution. When the agents who are valued relatively more

by the planner also have higher energy needs, the planner can target these agents by subsidising the

energy good. Heterogeneity in tastes thus calls for a deviation from uniform consumption taxation, as

in Saez(2002). The sign and magnitude of this mechanism depend on the distribution off �di gi 2 I , both

between and within productivity types. First, as less productive types tend to have higher marginal

utilities of consumption, the relative weights � i =' i are generally higher for these agents. The excise

tax will therefore be higher to the extent that more productive agents have, on average, higherabsolute

energy needs. Second, for a given productivity level, agents with higher energy needs will also tend to

have higher marginal utilities of consumption because of the higher �xed costs that they incur. This
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horizontal heterogeneity will therefore drive the value of the excise tax downward. Our quantitative

analysis below uses data on US households' energy consumption to illustrate the impact of these two

sources of heterogeneity.

6.2.2 Quantitative analysis of the extended model

Calibration choices To calibrate this extended model, we choose our parameters to meet two ad-

ditional targets: the share of households' expenditures on the energy good, and the share of aggregate

emissions coming from households' energy consumption. Using the model's �rst-order conditions, we

show, in Appendix G.6, that � can be expressed as a coe�cient in a regression where households' energy

and total expenditures are the only variables to observe. The distribution of these variables is obtained

from the Consumer Expenditure Survey (CEX), where energy expenditures correspond to the sum of

households' expenditures on energy used for transport and housing. We �rst use this data to compute

the value of � , and set the initial value of �dt to target an average energy expenditure share of 10.8%

as observed in the CEX. We then use the value of� to compute type-speci�c subsistence levels�di;t to

match the observed distribution of energy expenditure shares across and within income groups. For the

share of emissions coming from households' energy consumption, we target 30%, which represents the

share of emissions coming from the residential sector and households' transportation. For additional

details on the procedure and calibration choices, see AppendixG.6.

(a) Equal energy necessity (b) Unequal energy necessity

Figure 6: Carbon Tax Decomposition With and Without Energy Necessity Inequality.

Notes: The black line represents the second-best carbon tax normalised to1. The red and blue lines display the e�ects of

the MCF and inequalities (both in productivity and in energy necessity) respectively.

Results Figure 6 shows a decomposition similar to the one shown for the baseline in Figure2b above,

for the case where households have (a) identical energy necessity levels and (b) heterogeneous energy

necessity levels. We see that, in both cases, the MCF has again a negligible impact on the second-best

carbon tax. For both scenarios, the role of inequalities is also very comparable to the baseline of 3.9%,

both at 4.1%. While we could expect that the presence of a necessity�which is akin to a �xed cost to
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households' consumption�would further increase the e�ect of inequalities on the carbon tax, this is in

fact mitigated by an increase in transfers �nanced by a higher labour tax.

Introducing heterogeneous necessity levels has negligible e�ects on the optimal carbon tax. From our

calibration, we see that on the one hand, the necessity level is on average higher for richer households,

which reduces inequalities, but on the other hand horizontal heterogeneity (i.e., di�erences in necessity

levels within productivity groups) increases inequalities. As a result, households' necessity levels do

not strongly co-vary with their marginal utility of consumption, so heterogeneity in necessity barely

a�ects the carbon tax rates.38 For the same reason, optimal excise taxes on energy consumption are

very small, amounting to about � 0:4% of energy prices in every period�they are exactly zero when

there is no heterogeneity in necessity levels.

Figure 7a displays the inter-temporal welfare gains from carbon taxation for each category. Be-

tween income groups, we observe a U-shaped pattern: while the poorest households bene�t relatively

more from the increase in tax progressivity, the richest households bene�t relatively more from future

environmental improvements that they value proportionally more. Within income groups, we see that

households with lower energy needs bene�t relatively more, as they pay relatively less of the carbon

tax while still enjoying the revenue-recycling and mitigation bene�ts.

Figure 7b shows the welfare gains from setting carbon taxes to the SCC, ignoring inequalities, and

using the additional revenue exclusively to reduce distortive labour taxes. As in the benchmark results

presented in Section5, the resulting distribution of welfare gains is highly regressive. These e�ects are

magni�ed by the presence of energy necessity inequality. The poorest households with higher energy

necessity actually lose signi�cantly from the introduction of carbon taxes, even accounting for future

climate mitigation bene�ts. These results further highlight the importance of adjusting carbon taxation

for the presence of inequalities and combining it with the appropriate increase in the progressivity of

income taxes.

6.3 Heterogeneous sensitivity to environmental damages

Several recent studies have highlighted that the impact of environmental degradation is heterogeneous

across individuals, and is likely more negative for more �nancially deprived households (for recent re-

views, seeBanzhaf et al., 2019; Hsiang et al., 2020). In the case of climate change, higher exposure to

extreme temperatures and weaker adaptation means make poorer households on average more vulnera-

ble (seee.g., Dell et al., 2012; Ricke et al., 2018; Cruz and Rossi-Hansberg, 2024). While heterogeneity

in income, wealth, and consumption patterns are key to explaining the unequal burden from environ-

38 This result seems to contrast with Cremer et al. (2003), who �nd in the context of France that optimal environmental

taxes are signi�cantly lower when preference heterogeneity is taken into account. In their model with four groups who di�er

in their income and tastes, preferences for energy consumption co-vary strongly with marginal utilities of consumption.

Hence, there are large distributional bene�ts from setting lower environmental taxes. These e�ects are magni�ed when the

planner is more averse to inequality and when environmental damages are lower. In contrast, we employ a more granular

partition of households that captures heterogeneity both across and within income groups, allowing for greater �exibility

in computing the covariance relevant for determining the optimal tax. Our �ndings indicate that the resulting correction

term is negligible relative to the magnitude of the climate externality.
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(a) Optimal policy (b) SCC and double dividend

Figure 7: Welfare Gains (%), Energy Necessity Inequality.

Notes: For each income decile and expenditure share tercile, the table shows the welfare gains, in percentage of consump-

tion, of moving from a scenario without carbon taxation and otherwise optimal income taxes to: (a) optimal carbon and

income taxation; (b) carbon taxes set to the SCC and extra revenue used to reduce labour income taxes.

mental policies, we now introduce heterogeneous exposure to environmental degradation to account for

the unequal bene�ts from pollution mitigation. Formally, we again assume that utility is additively

separable inZ t and additionally consider households with heterogeneous sensitivity to environmental

degradation, so that agent i 's utility function can be expressed as

ui (ci;t ; hi;t ; Z t ) � ~u (ci;t ; hi;t ) + ûi (Z t ): (30)

While production damages still arise at the aggregate level, households are heterogeneously a�ected by

environmental degradation directly through their utility. In the context of climate change, this may

capture heterogeneous e�ects on people's health, exposure to con�icts, forced re-settlement, or losses

in various forms of amenity values.39

When environmental degradation Z t heterogeneously a�ects households' utility, the optimal pollu-

tion tax can still be expressed as the modi�ed Pigouvian rule stated in Proposition2, but the term VZ;t

entering the Pigouvian formula�that captures the marginal disutility from environmental degradation

for the planner�now depends on the joint distribution of utility damages and the planner's welfare

weights,

VZ;t =
X

i

� i û0
i (Z t ) + cov

�
� i ; û0

i (Z t )
�
:

Proposition 6 and Corollary 1 state the role of heterogeneous utility damages on the optimal pollution

tax.

Proposition 6 If environmental utility is additively separable from consumption and leisure as in (30),

heterogeneity in the marginal pollution damages to utility increases the pollution tax if and only if the

planner's weights are positively correlated with marginal utility damages from pollution.

Corollary 1 If environmental utility is additively separable from consumption and leisure as in (30)

and the planner is utilitarian, heterogeneity in the marginal pollution damages to utility has no e�ect

on the optimal pollution tax. If the planner is Rawlsian, the pollution tax is higher if and only if agents

with the lowest welfare experience above-average marginal utility damages from pollution.
39 Although these types of damages may also a�ect households' productivity, we abstract from heterogeneous impacts

of Z t on agents' productivity ei to keep the problem su�ciently tractable.
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The proof of Proposition 6 is provided in Appendix D. As long as environmental welfare is additively

separable from consumption and leisure, marginal utility losses from environmental damages for the rich

and the poor are perfect substitutes for the planner. Corollary1 additionally states that if the planner

is utilitarian, then an extra unit of utility for each household is valued equally by the planner, hence

the distribution of environmental damages is inconsequential for the planner when setting the optimal

pollution tax. If the planner gives a higher direct value to households who are worse o�, however, the

environmental utility damages experienced by these households are valued more by the planner. In the

extreme case where the planner cares only about the household with the lowest welfare, the planner

determines the optimal pollution tax to internalise pollution on that household only and sets it to a

higher level if this household is more exposed.

Naturally, there are other mechanisms through which heterogeneous environmental damages could

matter for the optimal carbon tax, even with a utilitarian planner. This could be the case, for instance,

if accounting for damage heterogeneity raises the average marginal damage, if households have varying

capacities to adapt to these damages, or under certain alternative non-separable preferences between

consumption and the environment. These mechanisms are likely to operate mostly through the value

of the SCC and are beyond the scope of this paper.40

7 Conclusion

Should environmental policies be less stringent in the presence of inequalities and redistributive tax-

ation? Do inequalities increase when optimal environmental policies are implemented? This paper

attempts to shed light on these questions. We develop a climate-economy model where environmental

degradation generates both production and utility externalities. Our model features heterogeneous

agents, which provides a micro-foundation for the use of distortionary taxes on labour and capital

income. We study both theoretically and quantitatively how di�erent sources of heterogeneity and a

concern for redistribution a�ect the optimal carbon tax.

We show that tax distortions do not signi�cantly a�ect carbon taxation when distortionary taxes

are optimally chosen to provide redistribution: the optimal carbon tax is approximately Pigouvian.

However, inequalities call for lower carbon taxes as the presence of poor households raises the marginal

value of consumption, increasing the opportunity costs of abatement. Still, in our calibration to the US

economy, this e�ect is quantitatively small, which is robust to reasonable variations in inequality, �scal

pressure, and severity of damages. The carbon tax is not used to address inequality directly but instead

is a�ected by the residual inequality that remains after the planner has optimally set income taxes. We

also re-examine the double-dividend hypothesis and show that at the optimum the carbon tax revenue

is divided about equally between increasing transfers and reducing distortionary taxes. This revenue

40 Quantitatively, recent progress has been made by Cruz and Rossi-Hansberg (2024) in modelling spatially heteroge-

neous damages from climate change. Still, as explained inHsiang et al. (2020), heterogeneous impacts at the individual

level are di�cult to measure as they are determined by several sources of heterogeneity that are hard to disentangle:

heterogeneity in initial climatic conditions, in their evolution, in individuals' response to these changes, as well as in other

individuals' characteristics in�uencing their welfare impacts.
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recycling increases the progressivity of the tax system, making poor households bene�t even in the short

run. By contrast, we show that following the well-known double-dividend policy�using the carbon tax

revenue exclusively to reduce distortionary taxes�would generate strongly regressive e�ects.

Our paper presents numerous extensions to examine the implications of inequality for optimal carbon

taxation. We analyse various policy scenarios and multiple sources of household heterogeneity, including

unequal initial assets, energy demand, and sensitivity to environmental damages. Nevertheless, there

are additional relevant aspects that warrant further investigation. Speci�cally, we have left for future

research the role of risk�whether economic or climate-related�which could interact with inequalities

and in�uence the optimal policy. Moreover, it would be interesting to further explore theoretically and

quantitatively the role of heterogeneous damages of climate change.
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A Optimal tax rules in the benchmark model

A.1 Implementability conditions

Let ' � f ' i g be the market weights with ' i � 0. Then, given aggregate levelsct , ht and Z t , the

individual levels can be found by solving the following static subproblem for each periodt:

U (ct ; ht ; Z t ; ' ) � max
ci;t ;h i;t

X

i

� i ' i u (ci;t ; hi;t ; Z t ) ; s.t.
X

i

� i ci;t = ct ; and
X

i

� i ei hi;t = ht : (31)

The Lagrangian for this problem is

L =
X

i

� i ' i u (ci;t ; hi;t ; Z t ) + � c
t

 

ct �
X

i

� i ci;t

!

� � h
t

 

ht �
X

i

� i ei hi;t

!

;

where � c
t and � h

t are Lagrange multipliers. Applying the envelope theorem to problem(31), we get

Uc;t = � c
t ; and Uh;t = � � h

t :

From the �rst-order conditions of problem (31), we also have

' i uc;i;t = � c
t ; and ' i uh;i;t = � ei � h

t :

It follows that

Uc;t = ' i uc;i;t ; (32)

Uh;t =
' i uh;i;t

ei
: (33)

In any competitive equilibrium, these optimality conditions must hold for every agent i . Hence, using

(32), (33), and agents' �rst-order conditions given by

� t uc;i;t

uc;i; 0
= pt ;

uh;i;t

uc;i;t
= � (1 � � H;t ) ei wt ;

we obtain
Uh;t

Uc;t
=

uh;i;t

uc;i;t ei
= � wt (1 � � H;t ) ; (34)

and
Uc;t

Uc;0
=

uc;i;t

uc;i; 0
=

pt

� t : (35)

Given the relationships above we can derive the implementability condition which relies only on the

aggregatesct , ht , Z t , and market weights ' . In this section we assume utility is additively separable

in environmental damages, henceZ drops from the list of arguments. We turn to the non-separable

case in Appendix F. Let cm
i;t (ct ; ht ; ' ) and hm

i;t (ct ; ht ; ' ) be the arg max of problem (31). The budget

constraint of agent i implies
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1X

t=0

N t pt
�
cm

i;t (ct ; ht ; ' ) � (1 � � H;t ) wt ei hm
i;t (ct ; ht ; ' )

�
� R0N0ai; 0 + T;

which using (34) and (35) can be restated as

Uc;0
�
R0N0ai; 0 + T

�
=

1X

t=0

� t N t

�
Uc;tcm

i;t

�
ct ; ht ; '

�
+ Uh;t ei hm

i;t

�
ct ; ht ; '

�
�

, 8 i: (36)

A.2 Ramsey problem

A.2.1 Problem

Let � � f � i g be the planner's welfare weight on typei , with
P

i � i � i = 1 . De�ne

W (ct ; ht ; Z t ; '; �; � ) �
X

i

� i � i

�
~u

�
cm

i;t (ct ; ht ; ' ) ; hm
i;t (ct ; ht ; ' )

�
+ û (Z t )

�

+
X

i

� i � i
�
Uc;tcm

i;t (ct ; ht ; ' ) + Uh;t ei hm
i;t (ct ; ht ; ' )

�

where � i � i is the Lagrange multiplier on the implementability constraint of agent i , and � � f � i g. The

Ramsey problem can be written as

max
f Ct ;H 1;t ;H 2;t ;K 1;t ;K 2;t ;

E t ;Z t ;� t g1
t =0 ;T;';� k

0

X

t

� t N t W (ct ; ht ; Z t ; '; �; � ) � Uc;0

X

i

� i � i (R0N0ai; 0 + T) (37)

subject to

N t ct + Gt + K t+1 + � t (� t ; E t ) = (1 � D (Z t )) A1;t F (K 1;t ; H1;t ; E t ) + (1 � � ) K t ; 8 t � 0;

E t = A2;t G (K 2;t ; H2;t ) ; 8 t � 0;

Z t = J
�
S0; E M

0 ; :::; E M
t ; � 0; :::; � t

�
; 8 t � 0;

FK;t GH;t = GK;t FH;t ; 8 t � 0;

K 1;t + K 2;t = K t ; 8 t � 0;

H1;t + H2;t = N t ht ; 8 t � 0;

where � t � jt for j 2 f 1; 2; 3g are the Lagrange multipliers on the feasibility constraints in the order

above. When using a functional form for households' utility below, it will also be convenient to add

an additional constraint from the normalisation of market weights. Because this constraint is a simple

normalisation, it has no impact on the resulting allocations.

In what follows, we assume that there is no initial wealth inequality, that is ai; 0 = a0 for every i .

We relax this assumption in Appendix B.
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A.2.2 First-order conditions

The �rst-order conditions are

[ct ] : Wc;t � � 1;t = 0 ; 8 t � 0; (38)

[H1;t ] : Wh;t + � 1;t (1 � D t ) A1;t FH;t = 0 ; 8 t � 0; (39)

[H2;t ] : Wh;t + � 2;t A2;t GH;t = 0 ; 8 t � 0; (40)

[K 1;t+1 ] : � � 1;t + [(1 � D t+1 ) A1;t+1 FK;t +1 + (1 � � )] �� 1;t+1 = 0 ; 8 t � 0; (41)

[K 2;t+1 ] : � � 1;t + A2;t+1 GK;t +1 �� 2;t+1 + (1 � � ) �� 1;t+1 = 0 ; 8 t � 0; (42)

[E t ] : � � 1;t (� E;t � (1 � D t ) A1;t FE;t ) � � 2;t �
1X

j =0

� j � 3;t+ j JE M
t ;t+ j (1 � � t ) = 0 ; 8 t � 0; (43)

[Z t ] : N t WZ;t � � 1;t D 0
t A1;t Ft + � 3;t = 0 ; 8 t � 0; (44)

[� t ] : � � 1;t � �;t (� t ; E t ) +
1X

j =0

� j � 3;t+ j JE M
t ;t+ j E t = 0 ; 8 t � 0; (45)

[T] :
X

i

� i � i = 0 : (46)

For brevity, we have suppressed the terms associated with the derivatives ofUc;0
P

i � i � i
�
R0N0a0 + T

�
,

as they vanish by equation (46) under no wealth inequality. Appendix B explains this result and its

implications in detail, and Appendix B.2 presents the full �rst-order conditions including these terms.

At t = 0 , we also have that

[K 1;0] : [(1 � D0) A1;0FK; 0 + (1 � � )] � 1;0 � � = 0 ; (47)

[K 2;0] : A2;0GK; 0� 2;0 + (1 � � ) � 1;0 � � = 0 ; (48)

where � is the Lagrange multiplier on the constraint K 1;0 + K 2;0 = K 0, and it follows that

(1 � D0)A1;0FK; 0� 1;0 = A2;0GK; 0� 2;0;

which together with (39) and (40), implies that

FK; 0

FH; 0
=

GK; 0

GH; 0
:

As in any other period, in t = 0 the requirement that the marginal rates of technical substitution are

equated between sectors is satis�ed at the second-best allocation. Therefore, in most of what follows,

we ignore the multiplier on this constraint.
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A.3 Optimal taxes

A.3.1 Capital and labour income taxes

From (38) and (39) we obtain

(1 � D (Z t )) A1;t FH;t = �
Wh;t

Wc;t
; 8 t � 0; (49)

and using the intertemporal condition (41) we get

R�
t+1 � 1 + r t+1 � � =

1
�

Wc;t

Wc;t+1
; 8 t � 0; (50)

These two equations can be used to back out the optimal taxes on labour and capital income. Plugging

(49) into (34) implies
Uh;t

Uc;t
=

Wh;t

Wc;t
(1 � � H;t ) ;

which can be rearranged into

� H;t = 1 �
Uh;t

Uc;t

Wc;t

Wh;t
: (51)

In any competitive equilibrium ( 35) holds, which together with pt = Rt+1 pt+1 implies

Uc;t+1

Uc;t
�R t+1 = 1 :

Substituting this into (50), it follows that

Rt+1

R�
t+1

=
Wc;t+1

Wc;t

Uc;t

Uc;t+1
: (52)

A.3.2 Excise taxes of energy and emissions

From the abatement �rst-order condition ( 45) and the energy �rm abatement decision (9) we have that

� E;t =
� �;t

E t
=

1
� 1;t

1X

j =0

� j � 3;t+ j JE M
t ;t+ j :

From the climate variable �rst-order condition (44) we have that

� 3;t = � 1;t D 0
t A1;t F (K 1;t ; H1;t ; E t ) � N t WZ;t ;

hence the pollution tax is given by

� E;t =
1

� 1;t

1X

j =0

� j �
� 1;t+ j D 0

t+ j A1;t+ j Ft+ j � N t+ j WZ;t + j
�

JE M
t ;t+ j : (53)

From the energy �rst-order condition (43) we have that

� � 1;t

�
� E;t + (1 � � t )

� �;t

E t
� (1 � D (Z t ))A1;t FE;t

�
= � 2;t ; (54)
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and combining the �rst-order conditions for sectoral labour supplies (39) and (40), it follows that

� 2;t

� 1;t
=

(1 � D (Z t )) A1;t FH;t

A2;t GH;t
:

From (4) and (8) we also have

(1 � D (Z t )) A1;t FH;t

A2;t GH;t
= pE;t � � I;t � � E;t (1 � � t ) � � E;t :

Hence, using (5), (9), and (54) we have

� � E;t � (1 � � t )� E;t + pE;t = pE;t � � I;t � � E;t (1 � � t ) � � E;t ;

and therefore

� I;t = 0 : (55)

A.4 Explicit formulas

A.4.1 characterisation of equilibrium

Let us consider the following balanced-growth period utility function

u (ci ; hi ; Z ) =
(ci (1 � &hi ) 
 )1� �

1 � �
+ û(Z ): (56)

To obtain explicit formulas, it is convenient to normalise market weights as follows

X

j

� j

�
' j e
 (� � 1)

j

� 1
� � (1 � � ) 
 = 1 :

Using the period utility function de�ned in ( 56), the Lagrangian for the characterisation problem de�ned

by (15) is

L =
X

i

� i ' i

"
(ci;t (1 � &hi;t ) 
 )1� �

1 � �
+ û(Z )

#

+ � c
t

�
ct �

X

i

� i ci;t

�
� � h

t

�
ht �

X

i

� i ei hi;t

�
:

The �rst-order conditions are

[ci;t ] : ' i (ci;t (1 � &hi;t ) 
 )1� � c� 1
i;t = � c

t , 8 t � 0;

[hi;t ] : ' i (ci;t (1 � &hi;t ) 
 )1� � 
& (1 � &hi;t ) � 1 = ei � h
t , 8 t � 0:

Rearranging yields

ci;t =
� h

t

� c
t

ei (1 � &hi;t )

&

;

so that

ci;t =

 
� c

t

' i

�
� h

t

� c
t

ei


&

� 
 (1� � )
! � 1

� � (1 � � ) 


;

1 � &hi;t =
� c

t

� h
t


&
ei

 
� c

t

' i

�
� h

t

� c
t

ei


&

� 
 (1� � )
! � 1

� � (1 � � ) 


;
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and summing across types (given thatct =
P

i � i ci;t , and ht =
P

i � i ei hi;t )

ct =

 

� c
t

�
� h

t

� c
t

1

&

� 
 (1� � )
! � 1

� � (1 � � ) 
 X

i

� i

 
e
 (1� � )

i

' i

! � 1
� � (1 � � ) 


1 � &ht =
� c

t

� h
t


&

 

� c
t

�
� h

t

� c
t

1

&

� 
 (1� � )
! � 1

� � (1 � � ) 
 X

i

� i

�
ei

' i


 (1� � )
� � 1

� � (1 � � ) 


It follows that

cm
i;t (ct ; ht ; ' ) = ! i ct ; (57)

1 � &hmi;t (ct ; ht ; ' ) =
! i

ei
(1 � &ht ) ; (58)

where

! i =

�
' i (ei )


 (� � 1)
� 1

� � (1 � � ) 


P
j � j

�
' j e
 (� � 1)

j

� 1
� � (1 � � ) 


=
�

' i (ei )

 (� � 1)

� 1
� � (1 � � ) 
 : (59)

Thus, we can write aggregate indirect utility U (ct ; ht ; Z t ; ' ) in terms of the aggregatesct ; ht ; and Z t

U (ct ; ht ; Z t ; ' ) =
X

j

� j ' j

 
! 1+ 


j

e

j

! 1� �
(ct (1 � &ht )


 )1� �

1 � �
+

X

i

� i ' i û(Z )

=
(ct (1 � &ht )


 )1� �

1 � �
+ �^u(Z ); (60)

since from the normalisation of market weights we have

X

j

� j ' j

 
! 1+ 


j

e

j

! 1� �

=
X

j

� j

�
' j e
 (� � 1)

j

� 1
� � (1 � � ) 
 = 1 ;

and with � �
P

i � i ' i .

A.4.2 Explicit tax formulas

From (36), substituting the derivatives of U (ct ; ht ; Z t ; ' ) into the de�nition of W (ct ; ht ; Z t ; '; �; � ) we

get

W (ct ; ht ; Z t ; '; �; � ) =
X

i

� i � i

 
! i

' i

(ct (1 � &ht )

 )1� �

1 � �
+ û(Z )

!

+
X

i

� i � i

h
(ct (1 � &ht )


 )1� � ! i � 
 (ct (1 � &ht )

 )1� � (1 � &ht )

� 1 (ei � ! i (1 � &ht ))
i

Collecting terms and simplifying we obtain

W (ct ; ht ; Z t ; '; �; � ) = �
(ct (1 � &ht )


 )1� �

1 � �
+ û(Z ) + 	 Uh;t : (61)
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where

� �
X

i

� i ! i

�
� i

' i
+ (1 � � ) (1 + 
 ) � i

�
;

	 �
X

i

� i � i ei

&
:

Substituting the derivatives into equation ( 51) we get

� H;t =
	 &(1 � &ht )

� 1

� + 	 &(1 � 
 (1 � � )) (1 � &ht )
� 1 ; (62)

substituting the derivatives into ( 52) yields

Rt+1

R�
t+1

=
� � 	 &
 (1 � � ) (1 � &ht+1 ) � 1

� � 	 &
 (1 � � ) (1 � &ht )
� 1 : (63)

and substituting the derivatives into ( 53) we get

� E;t =
1

� 1;t

1X

j =0

� j
�

� 1;t+ j D 0
t+ j A1;t+ j Ft+ j � N t+ j VZ (Z t+ j )

�
JE M

t ;t+ j ; (64)

with � 1;t the multiplier of the resource constraint which we can express as

� 1;t = Wc;t = Vc;t +
X

i

� i � i I c;i;t : (65)

If we add�without loss of generality�the normalisation of market weights as a constraint into the

Ramsey problem, we obtain the following �rst-order conditions with respect to market weights

X

t

� t N t W' i ;t �
�

� � (1 � � ) 

� i ! i

' i
= 0 ; 8 i:

From this equation, we have that

1X

t=0

� t N t
(ct (1 � &ht )


 )1� �

1 � �
(1 � � ) (1 + 
 )
� � (1 � � ) 


� i ! i

' i

�
� i

' i
+ � i

�
�

�
� � (1 � � ) 


� i ! i

' i
= 0 ; 8 i;

and therefore
� i

' i
+ � i =

�

(1 � � ) (1 + 
 )
P 1

t=0 � t N t ~U (ct ; ht )
; 8 i;

with

~U(ct ; ht ) =
(ct (1 � &ht )


 )1� �

1 � �
:

Using the fact that X

i

� i � i = 0 ;
X

i

� i ! i = 1 ; and
X

i

� i ei = 1 ;

it follows that X

j

� j � j

' j
=

�

(1 � � ) (1 + 
 )
P 1

t=0 � t N t ~U (ct ; ht )
;
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and, therefore

� i =
X

j

� j � j

' j
�

� i

' i
: (66)

This allows us to rewrite

� =
X

i

� i ! i

0

@� i

' i
+ (1 � � ) (1 + 
 )

0

@
X

j

� j � j

' j
�

� i

' i

1

A

1

A

=
X

j

� j
� j

' j
+

�
1 � (1 + 
 )(1 � � )

�
cov(� i =' i ; ! i ); (67)

	 =
1
&

X

j

� j
� j

' j
(1 � ej ) = �

cov(� i =' i ; ei )
&

; (68)

where the last result is obtained using the normalisation of productivity levels,
P

i � i ei = 1 .

Notice that labour and capital income taxes are zero whenever	 = 0 , which, according to equation

(68), occurs in three special cases:(i) when there is no agent heterogeneity,(ii) when the planner's and

the market's weights are perfectly aligned, and(iii) when agents' productivity are uncorrelated with the

relative social weights. Intuitively, the �rst case corresponds to the outcome of a representative-agent

model in which lump-sum taxation is allowed: since there is no need to redistribute, the government

can rely only on non-distortionary taxes to �nance its expenditures. The second case corresponds to

the situation in which the market allocation happens to be the one preferred by the planner: although

there might be inequalities due to di�erences in productivity and asset holdings, they are consistent

with the relative weight the planner gives to each type of individual. The third situation encompasses

the two previous ones but also includes situations in which the planner would want to redistribute but

faces a targeting problem,i.e. it cannot reach a better allocation than the market one using anonymous

linear instruments due to the absence of correlation between the source of inequalities and its relative

preference over agents' types.

The implementability conditions can be rewritten as

! i =
Uc;0 (R0N0ai; 0 + T) + Mei

(1 � � ) (1 + 
 )
P 1

t=0 � t N t ~U (ct ; ht )
; 8 i;

with

M �
1X

t=0

� t N t 
 (ct (1 � &ht )

 )1� � (1 � &ht )

� 1 : (69)

Since
P n

i =1 � i ! i = 1 , it follows that

! i = 1 +
Uc;0R0N0(ai; 0 � A0) + M (ei � 1)

(1 � � ) (1 + 
 )
P 1

t=0 � t N t ~U (ct ; ht )
; 8 i: (70)

Moreover, since

! i =
�

' i e

 (� � 1)
i

� 1
� � (1 � � ) 
 ;

we can express market weights as

' i =
! � � (1� � )


i

e
 (� � 1)
i

=
1

e
 (� � 1)
i

 

1 +
Uc;0R0N0(ai; 0 � A0) + M (ei � 1)

(1 � � ) (1 + 
 )
P 1

t=0 � t N t ~U (ct ; ht )

! � � (1� � )


: (71)
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A.5 Comparison with Pigou

First-best pollution tax To compare our second-best results with the �rst-best, we solve the same

Ramsey problem except that we now allow for individualised lump-sum transfers. All �rst-order con-

ditions remain the same except for the one with respect toT given by (46): since we now have

individualised instruments Ti , we obtain

� i = 0 ; 8i;

hence for all t,
P

i � i � i I c;i;t = 0 . From (66), this also implies that

� i

' i
=

X

j

� j � i

' i
; 8i;

and as a consequence we have	 = 0 , so that for all t, � H;t = 0 and � K;t = 0 . Substituting for � 1;t in

(53), we can express the �rst-best tax as

� F B
E;t =

1X

j =0

� j
�

Vc;t+ j

Vc;t
D 0

t+ j A1;t+ j Ft+ j �
N t+ j VZ;t + j

Vc;t

�
JE M

t ;t+ j :

The �rst-best tax is equal to the social cost of the externality� i.e., to the Pigouvian tax�evaluated

at the �rst-best allocation.

Proof of Proposition 2: Recall the following de�nitions from Section 3.3:

MCF t �
� 1;t

Vc;t
;

� P igou;Y
E;t �

1X

j =0

� j Vc;t+ j

Vc;t
D 0

t+ j A1;t+ j Ft+ j JE M
t ;t+ j ;

� P igou;U
E;t � (� 1)

1X

j =0

� j N t+ j VZ;t + j

Vc;t
JE M

t ;t+ j ;

� P igou
E;t � � P igou;Y

E;t + � P igou;U
E;t ;

! U
t �

� P igou;U
E;t

� P igou
E;t

;

� t+ s �
� sVc;t+ sD 0

t+ sA1;t+ sFt+ sJE M
t ;t+ sP 1

j =0 � j Vc;t+ j D 0
t+ j A1;t+ j Ft+ j JE M

t ;t+ j
:

Substituting into equation ( 64), we obtain equation (22) stated in Proposition 2,

� E;t = � P igou
E;t

�
�
�
SB

� 1X

j =0

MCF t+ j

MCF t
� t+ j (1 � ! U

t ) +
! U

t

MCF t

�
:

Using equation (65) to substitute in the de�nition of the MCF, we also obtain equation ( 23) stated in

Proposition 2,

MCF t = 1 +
cov(� i ; I c;i;t )

Vc;t
:

54



With balanced-growth preferences, using the expression ofU(ct ; ht ; Z t ; ' ) given by (60) and the solutions

for cm
i;t and hm

i;t given by (57) and (58), we can show that I i;t de�ned by ( 19) can be expressed as

I i;t =
�

ct (1 � &ht ) 

� (1� � )

�
! i + 


�
! i �

ei

(1 � &ht )

� �
; (72)

from which we obtain

I c;i;t = (1 � � )
I i;t

ct
:

Using the fact that
P

i � i � i = 0 , we can re-write the marginal reduction in implementation cost as

X

i

� i � i I c;i;t = (1 � � )
cov(� i ; I i;t )

ct
: (73)

This term is equal to 0 when either � tends to 1 or � i and I i;t are uncorrelated. Thus, when the IES

tends to 1, the MCF is equal to 1 in all periods. Using the binding implementability conditions, we

can also express the discounted sum ofI i;t ,

1X

t=0

N t � t I i (ct ; ht ; ' ) = Uc;0(R0ai; 0 + T):

When there is no initial wealth inequality, or when initial wealth is expropriated�which, as we have

shown, is optimal as long as initial wealth and productivity are positively correlated�then for any i; j ,

R0ai; 0 = R0aj; 0. We can then write the discounted sum ofI i;t as a constant� I that does not depend

on agents' type,
1X

t=0

N t � t I i (ct ; ht ; ' ) = � I :

Using this expression, we can show that the welfare-weighted average MCF from period 0 onward is

equal to 1, since with Vt � V (ct ; ht ; Z t ; '; � ),

P 1
t=0 N t � t Vt � MCF tP 1

t=0 N t � t Vt
=

1
P 1

t=0 N t � t Vt

� 1X

t=0

N t � t Vt +
1X

t=0

N t � t Vt

X

i

� i � i
(1 � � )I i;t

Vc;tct

�

=
1

P 1
t=0 N t � t Vt

� 1X

t=0

N t � t Vt +
X

i

� i � i

1X

t=0

N t � t I i;t

�

=
1

P 1
t=0 N t � t Vt

� 1X

t=0

N t � t Vt + � I

X

i

� i � i

�

= 1 ;

with
P

i � i � i = 0 . �

Link with the capital income tax From (18), using balanced-growth utility, we can show that

V (ct ; ht ; Z t ; '; � ) =
X

i

� i ! i
� i

' i

(ct (1 � &ht )

 )1� �

1 � �
+ û(Z );
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hence using the explicit expression ofU(ct ; ht ; Z t ; ' ) given by (60) and taking derivatives we have

Vc;t =
X

i

� i ! i
� i

' i
Uc;t ; (74)

from which we can show that
Vc;t+ j

Vc;t
=

Uc;t+ j

Uc;t
:

From (52), and using the fact that

MCF t =
Wc;t

Vc;t
; (75)

we can write the ratio of MCFs as
MCF t+ j

MCF t
=

jY

k=1

Rt+ k

R�
t+ k

:

Thus, from Proposition 2 we see that production damages are perfectly internalised if the capital tax

is optimally set to zero for all future periods where current emissions generate production damages.

Price and volume e�ects To understand the role of the IES, it is useful to go back to the origin

of the term I i;t . This term comes from households' budget constraint (2) in which we have substituted

for the price and real wage using (34) and (35). From these equations, it appears that when making

more resources available to households, the price goes down since, in equilibrium,

pt = � t
� ct

c0

� � � � 1 � &ht
1 � &h0

� 
 (1� � )
:

When � tends to 1, the price e�ect exactly o�sets the volume e�ect so that households' expenditures

and nominal income remain unchanged after an in�ow of aggregate consumption, hence the planner

does not need to change the value of the lump-sum transfer and the implementation cost remains

constant.

labour supply e�ect To determine the sign of the covariance term driving the MCF, we can examine

the ratio of the period implementation cost for two agents i and j such that ei > e j . From (72), we

have

I i;t

I j;t
=

! i + 

�

! i � ei
(1� &ht )

�

! j + 

�

! j � ej
(1� &ht )

� :

Although the discounted sum of I i;t is invariant across type, in period t this ratio may be below or

above 1 depending on the value of the aggregate labour supply. In particular, we have

@I i;t
I j;t

@ht
=

&
(1 + 
 )
�
ej ! i � ei ! j

�

(1 � &ht )2
�
! j (1 + 
 ) � 
e j

(1� &ht )

� 2 : (76)

From (70), we can also show that with homogeneous initial wealth (or full expropriation of initial

wealth), when transfers plus initial assets are positive (as they are in our quantitative analysis) then
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! i =ei is strictly declining in ei , hence forei > e j , the derivative in ( 76) is negative. This result means

that when ht is high relative to its average value, the relative labour supply of highly productive

households compared to less productive households is higher, hence more productive households need

lower transfers to satisfy the planners' allocation at that period. If the more productive also have a

lower marginal utility of consumption (hence a higher � i ), then cov(� i ; I i;t ) < 0. Thus, when the IES

is less than unity so that the price e�ect dominates, an increase in aggregate consumption reduces the

planner's implementation cost and the MCF is higher than 1 in a given period if and only if the labour

supply is relatively high compared to its long-run value.

Proof of Proposition 3: From our characterisation problem, we know that market weights are

determined by the following expression,

' i uc;i;t = Uc;t ; 8i;

hence substituting into equation (74) and using the fact that for any period t, ! i = ci;t =ct and
P

i � i (ci;t =ct ) = 1 , we have

Vc;t =
X

i

� i � i
uc;i;t ci;t

ct

=
X

i

� i � i uc;i;t + cov
�

� i uc;i;t ;
ci;t

ct

�
: (77)

Thus, between the �rst-best and the second-best case, the marginal utility of consumption will di�er

due to the path of aggregate consumption, as well as the distribution of individual allocations. Holding

aggregate consumption constant, we see that an increase in the variance ofci;t has ambiguous e�ects.

On the one hand, sinceuc is convex inc for � > 0, from Jensen's inequality the average marginal utility

is increasing with consumption inequalities. On the other hand, higher marginal utilities are weighted

by lower consumption levels, hence increasing consumption dispersion reduces the relative weight given

to high marginal utilities. The net e�ect depends on the curvature of the utility function. From ( 59),

when � tends to 1 we have! i = ' i , hence from (74) and using the normalisation of the planner's

weights we have

Vc;t = Uc;t :

Thus, when � tends to 1, the two previous e�ects cancel each other and the distribution of individual

allocations has no incidence on the marginal utility of consumption. �

B Optimal tax rules with initial wealth inequality

In Appendix A.2.1, we describe the Ramsey problem with wealth inequality.

B.1 Time-inconsistency

The tax rules we have described in our benchmark apply unchanged for every period including period0.

This is the result of two features of the benchmark model. The �rst is the ability of the Ramsey planner
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to choose lump-sum transfers (or taxes), and the second is the assumption that the planner can set the

initial capital tax to expropriate initial wealth, thereby eliminating any initial wealth inequality. To

see this, notice that the planner's problem (see equation (37)) is symmetric with respect to time except

for the last term in the objective function of the Ramsey planner, which we denote here byW0,

W0 � Uc;0

X

i

� i � i (N0R0ai; 0 + T) :

As argued above, the optimality condition associated with the choice ofT implies that
P

i � i � i = 0 .

Thus, if there is no initial wealth inequality, i.e. if ai; 0 = a0 for every i , it follows that W0 = 0 and that

the tax rules are time-invariant. Moreover, if there is initial wealth inequality, the planner can set � K; 0

such that R0 = 0 , and we again haveW0 = 0 .

This does not mean that the tax rules are time-consistent: if the Ramsey planner was allowed to re-

optimise in a future period, they would want to deviate from the choices made by the planner in period

0. The reason for the time inconsistency is, however, di�erent from the one in the usual representative-

agent version of the Ramsey problem in which the planner cannot choose lump-sum transfers. In that

case, in general,
P

i � i � i 6= 0 , and W0 6= 0 regardless of initial wealth inequality, which leads to the

usual reason for time-inconsistent Ramsey policies; initial capital income taxes mimic the unavailable

and undistortive lump-sum taxes. In our setup, the reason for time inconsistency has to do instead

with the use of capital income taxes to redistribute unequal asset income. Since asset inequality evolves

endogenously over time, starting the Ramsey problem in a future period would mean having a di�erent

initial asset distribution.

There is a sense in which the time inconsistency problem in our setup is less severe than in the usual

representative agent case. If there was no initial wealth inequality, and the optimal Ramsey policy was

such that the economy was in a balanced-growth path starting from period0, then there would still

be no wealth inequality in every future period and the Ramsey policy would be time-consistent. In

any case, in this section, we address how the Ramsey policy changes in the presence of initial wealth

inequality.

B.2 First-order conditions

Here we consider the problem of the planner assuming that� K; 0 is taken as given. For t � 1, the

conditions are exactly the same as the ones derived above, in particular, we have that
P

i � i � i = 0 , which

we use to simplify the equations below. The period-0 marginal rate of technical substitution constraint

is no longer automatically satis�ed, so let � 0 denote the Lagrange multiplier on this constraint. The
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�rst-order conditions for period 0 are

[c0] : Wc;0 � � 1;0 � Ucc;0

X

i

� i � i R0ai; 0 = 0 ; (78)

[H1;0] : Wh;0 + � 1;0 (1 � D0) A1;0FH; 0 � Uch;0

X

i

� i � i R0ai; 0 (79)

� N0Uc;0

X

i

� i � i ai; 0 (1 � � K; 0) (1 � D0) A1;0FKH; 0 + � 0 (FHH; 0GK; 0 � FKH; 0GH; 0) = 0 ;

[H2;0] : WH; 0 + � 2;0A2;0GH; 0 � Uch;0

X

i

� i � i R0ai; 0 + � 0 (FH; 0GKH; 0 � FK; 0GHH; 0) = 0 ; (80)

[K 1;0] : ((1 � D0) A1;0FK; 0 + (1 � � )) � 1;0 � N0Uc;0

X

i

� i � i ai; 0 (1 � � K; 0) (1 � D0) A1;0FKK; 0 � �

+ � 0 (FHK; 0GK; 0 � FKK; 0GH; 0) = 0 ; (81)

[K 2;0] : A2;0GK; 0� 2;0 + (1 � � ) � 1;0 � � + � 0 (FH; 0GKK; 0 � FK; 0GHK; 0) = 0 ; (82)

[E0] : � (� E;0 � (1 � D0) A1;0FE;0) � 1;0 � � 2;0 �
1X

j =0

� j � 3;j JE M
0 ;j (1 � � 0) (83)

� N0Uc;0

X

i

� i � i ai; 0 (1 � � K; 0) (1 � D0) A1;0FKE; 0 + � 0 (FHE; 0GK; 0 � FKE; 0GH; 0) = 0 ;

[Z0] : N0WZ;0 � � 1;0D 0
0A1;0F0 + � 3;0 + N0Uc;0

X

i

� i � i ai; 0 (1 � � K; 0) D 0
0A1;0FK; 0 = 0 ; (84)

[� 0] : � � 1;0� �; 0 +
1X

j =0

� j � 3;j JE M
0 ;j E0 = 0 : (85)

B.3 Multiplier on period-0 marginal rate of technical substitution constraint

From (81) and (82), it follows that

� 2;0

� 1;0
= (1 � D0)

A1;0FK; 0

A2;0GK; 0
�

N0Uc;0

� 1;0

X

i

� i � i ai; 0 (1 � � K; 0) (1 � D0)
A1;0FKK; 0

A2;0GK; 0

+
� 0

� 1;0

((FHK; 0GK; 0 � FKK; 0GH; 0) � (FH; 0GKK; 0 � FK; 0GHK; 0))
A2;0GK; 0

:

From (79) and (80), it follows that

� 2;0

� 1;0
= (1 � D0)

A1;0FH; 0

A2;0GH; 0
�

N0Uc;0

� 1;0

X

i

� i � i ai; 0 (1 � � K; 0) (1 � D0)
A1;0FKH; 0

A2;0GH; 0

+
� 0

� 1;0

((FHH; 0GK; 0 � FKH; 0GH; 0) � (FH; 0GKH; 0 � FK; 0GHH; 0))
A2;0GH; 0

:

Hence, putting these two equations together, we obtain

� 0 =
N0Uc;0

P
i � i � i ai; 0 (1 � � K; 0) (1 � D0) A1;0 (GK; 0FKH; 0 � GH; 0FKK; 0)

(
GK; 0 ((FHH; 0GK; 0 � FKH; 0GH; 0) � (FH; 0GKH; 0 � FK; 0GHH; 0))

� GH; 0 ((FHK; 0GK; 0 � FKK; 0GH; 0) � (FH; 0GKK; 0 � FK; 0GHK; 0))

) :
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B.4 labour income taxes

From (79) and (78) we obtain

(1 � D0) A1;0FH; 0 =

(
� Wh;0 + Uch;0

P
i � i � i R0ai; 0

+ N0Uc;0
P

i � i � i ai; 0 (1 � � K; 0) (1 � D0) A1;0FKH; 0 � � 0 (FHH; 0GK; 0 � FKH; 0GH; 0)

)

Wc;0 � Ucc;0
P

i � i � i R0ai; 0
(86)

Plugging (86) into (34) implies

Uh;0

Uc;0
=

(
Wh;0 � Uch;0

P
i � i � i R0ai; 0

� N0Uc;0
P

i � i � i ai; 0 (1 � � K; 0) (1 � D0) A1;0FKH; 0 + � 0 (FHH; 0GK; 0 � FKH; 0GH; 0)

)

Wc;0 � Ucc;0
P

i � i � i R0ai; 0
(1 � � H; 0) ;

which can be rearranged into

� H; 0 = 1 �
Uh;0

Uc;0

Wc;0 � Ucc;0
P

i � i � i R0ai; 0(
Wh;0 � Uch;0

P
i � i � i R0ai; 0

� N0Uc;0
P

i � i � i ai; 0 (1 � � K; 0) (1 � D0) A1;0FKH; 0 + � 0 (FHH; 0GK; 0 � FKH; 0GH; 0)

) :

B.5 Capital income taxes

From (41) and (78) we obtain

R�
1 � 1 + r1 � � =

1
�

Wc;0 � Ucc;0
P

i � i � i R0ai; 0

Wc;1
:

In any competitive equilibrium (35) holds, which implies

Uc;1

Uc;0
�R 1 = 1 :

Substituting this into (50), it follows that

R1

R�
1

=
Wc;1

Wc;0 � Ucc;0
P

i � i � i R0ai; 0

Uc;0

Uc;1
: (87)

B.6 Excise taxes of energy and emissions

From (9) and the abatement �rst-order condition ( 85) we have that

� E;0 =
� �; 0

E0
=

1
� 1;0

1X

j =0

� j � 3;j JE M
0 ;j : (88)

From the climate variable �rst-order condition ( 84) we have that

� 3;0 = � 1;0D 0
0A1;0F0 � N0WZ;0 � N0Uc;0

X

i

� i � i ai; 0 (1 � � K; 0) D 0
0A1;0FK; 0: (89)
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Substituting ( 89) into ( 88) we obtain the initial pollution tax

� E;0 =
1

� 1;0

1X

j =0

� j �
� 1;j D 0

j A1;j Fj � N j WZ;j
�

JE M
0 ;j � N0

Uc;0

� 1;0

X

i

� i � i ai; 0 (1 � � K; 0) D 0
0A1;0FK; 0JE M

0 ;0:

From the energy �rst-order condition ( 83) we have that

(1 � D0) A1;0FE;0 �
� 2;0

� 1;0
=

�
� E;0 + (1 � � 0)� E;0

�
+ N0

Uc;0

� 1;0

X

i

� i � i ai; 0 (1 � � K; 0) (1 � D0) A1;0FKE; 0

�
� 0

� 1;0
(FHE; 0GK; 0 � FKE; 0GH; 0) :

Combining the �rst-order conditions for sectoral labour supplies (79) and (80), it follows that

� 2;0

� 1;0
= (1 � D0)

A1;0FH; 0

A2;0GH; 0
�

N0Uc;0

� 1;0

X

i

� i � i ai; 0 (1 � � K; 0) (1 � D0)
A1;0FKH; 0

A2;0GH; 0

+
� 0

� 1;0

((FHH; 0GK; 0 � FKH; 0GH; 0) � (FH; 0GKH; 0 � FK; 0GHH; 0))
A2;0GH; 0

;

and, therefore

(1 � D0) A1;0FE;0 =
�
� E;0 + (1 � � 0)� E;0

�
+ (1 � D0)

A1;0FH; 0

A2;0GH; 0

+ N0
Uc;0

� 1;0

X

i

� i � i ai; 0 (1 � � K; 0) (1 � D0)
�

A1;0FKE; 0 �
A1;0FKH; 0

A2;0GH; 0

�

+
� 0

� 1;0

�
(FHH; 0GK; 0 � FKH; 0GH; 0) � (FH; 0GKH; 0 � FK; 0GHH; 0)

A2;0GH; 0
� (FHE; 0GK; 0 � FKE; 0GH; 0)

�
:

Then, from (4), (5), and (8) we have that

(1 � D0) A1;0FH; 0 =
�

(1 � D0) A1;0FE;0 � � I; 0 �
�
� E;0 + (1 � � 0)� E;0

� �
A2;0GH; 0;

and therefore

� I; 0 = N0
Uc;0

� 1;0

X

i

� i � i ai; 0 (1 � � K; 0) (1 � D0)
�

A1;0FKE; 0 �
A1;0FKH; 0

A2;0GH; 0

�

+
� 0

� 1;0

�
(FHH; 0GK; 0 � FKH; 0GH; 0) � (FH; 0GKH; 0 � FK; 0GHH; 0)

A2;0GH; 0
� (FHE; 0GK; 0 � FKE; 0GH; 0)

�
:

C Optimal tax rules with energy consumption inequality

The derivation of optimal tax rules in this extended version of the model closely follows the method

applied to solve the benchmark model. This appendix highlights the di�erences with the benchmark

presented in Appendix A.
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C.1 characterisation of equilibrium

Let ' � f ' i g be the market weights normalised so that

X

j

� j

�
' j e
 (� � 1)

j

� 1
1� (1+ � + 
 )(1 � � ) = 1 ;

with ' i � 0. Then, given aggregate levelsct , dt , ht and Z t , the individual levels can be found by solving

the following static subproblem for each periodt:

U (ct ; dt ; ht ; Z t ; ' ) � max
ci;t ;di;t ;h i;t

X

i

� i ' i ui (ci;t ; di;t ; hi;t ; Z t ) ;

s.t.
X

i

� i ci;t = ct ; and
X

i

� i di;t = dt ; and
X

i

� i ei hi;t = ht :
(90)

Using the utility function de�ned by equation ( 28) and following the same steps as in AppendixA, we

obtain the following solutions for this problem

cm
i;t (ct ; dt ; ht ; ' ) = ! i ct ;

dm
i;t (ct ; dt ; ht ; ' ) = �di;t + ! i

�
dt � �dt

�
;

1 � &hmi;t (ct ; dt ; ht ; ' ) =
! i

ei
(1 � &ht );

with �dt =
P

i � i �di;t , and where

! i =
�

' i e

 (� � 1)
i

� 1
1� (1+ � + 
 )(1 � � ) ;

which enables us to write the aggregate indirect utility in terms of the aggregates and market weights

U (ct ; dt ; ht ; Z t ) =

�
ct (dt � �dt ) � (1 � &ht )



� 1� �

1 � �
+ �^u(Z );

with � �
P

i � i ' i .

C.2 Implementability condition

From the �rst-order conditions of problem (90) and applying the envelope theorem we have

Uc;t = ' i uc;i;t ;

Ud;t = ' i ud;i;t ;

Uh;t =
' i uh;i;t

ei
;

which together with the �rst-order conditions of individual agents' problems give

Uh;t

Uc;t
=

uh;i;t

uc;i;t ei;t
= � wt (1 � � H;t ) ; (91)

Ud;t

Uc;t
=

ud;i;t

uc;i;t
= pE;t + � D;t ; (92)
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and
Uc;t

Uc;0
=

uc;i;t

uc;i; 0
=

pt

� t : (93)

Using (91), (92), and (93) to substitute in households' budget constraint (29), we obtain the imple-

mentability conditions

Uc;0 (R0N0ai; 0 + T) =
1X

t=0

� t N t

�
Uc;tcm

i;t

�
ct ; dt ; ht ; '

�
+ Ud;t dm

i;t (ct ; dt ; ht ; ' )+ Uh;t ei hm
i;t (ct ; dt ; ht ; ' )

�
, 8i:

C.3 Ramsey problem

Let again � � f � i g be the planner's welfare weight on typei , with
P

i � i � i = 1 . De�ne the pseudo-utility

function

W
�
ct ; dt ; ht ; Z t ; '; �; �

�
�

X

i

� i � i ui
�
cm

i;t

�
ct ; dt ; ht ; '

�
; dm

i;t

�
ct ; dt ; ht ; '

�
; hm

i;t

�
ct ; dt ; ht ; '

�
; Z t

�

+
X

i

� i � i

�
Uc;tcm

i;t

�
ct ; dt ; ht ; '

�
+ Ud;t dm

i;t

�
ct ; dt ; ht ; '

�
+ Uh;t ei;t hm

i;t

�
ct ; dt ; ht ; '

�
�
;

where � i � i is the Lagrange multiplier on the implementability constraint of agent i , and � � f � i g. The

new Ramsey problem can be written as

max
f ct ;H 1;t ;H 2;t ;K 1;t ;K 2;t ;
dt ;E 1;t ;Z t ;� t g1

t =0 ;T;'

X

t;i

N t � t W (ct ; dt ; ht ; Z t ; '; �; � ) � Uc;0

X

i

� i � i (R0N0ai; 0 + T) ;

subject to

N t ct + Gt + K t+1 + � t (� t ; E t ) = (1 � D (Z t )) A1;t F (K 1;t ; H1;t ; E1;t ) + (1 � � ) K t ; 8 t � 0;

E t = A2;t G (K 2;t ; H2;t ) ; 8 t � 0;

Z t = J
�
S0; E M

0 ; :::; E M
t ; � 0; :::; � t

�
; 8 t � 0;

FK (K 1;t H1;t ; E1;t )GH (K 2;t H2;t ) = FH (K 1;t H1;t ; E1;t )GK (K 2;t H2;t ); 8 t � 0;

K 1;t + K 2;t = K t ; 8 t � 0;

H1;t + H2;t = N t ht ; 8 t � 0;

N t dt + E1;t = E t ; 8 t � 0;
X

j

� j

�
' j e
 (� � 1)

j

� 1
1� (1+ � + 
 )(1 � � ) = 1 ;

where N t dt + E1;t = E t is the only additional constraint compared to the benchmark problem.

C.4 Optimal taxes

Tax formulas From the �rst-order conditions of the Ramsey problem, and using the same steps as

in Appendix A, we can show that

� H;t = 1 �
Uh;t

Uc;t

Wc;t

Wh;t
; (94)
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Rt+1

R�
t+1

=
Wc;t+1

Wc;t

Uc;t

Uc;t+1
; (95)

� E;t =
1

� 1;t

1X

j =0

� j �
� 1;t+ j D 0

t+ j A1;t+ j Ft+ j � N t+ j WZ;t + j
�

JE M
t ;t+ j ; (96)

and

� I;t = 0 :

Using the �rst-order conditions with respect to dt , E1;t and ct we have

Wd;t = Wc;t (1 � D (Z t ))A1;t FE;t ;

which together with ( 92) and the �nal good �rm's �rst-order condition with respect to E1;t (given by

(5) in the benchmark model) gives

� D;t =
Ud;t

Uc;t
�

Wd;t

Wc;t
: (97)

Proof of Proposition 4: The proof follows the same steps as the proof of Proposition2. If we de�ne

V
�
ct ; dt ; ht ; Z t ; '; �; �

�
�

X

i

� i � i ui
�
cm

i;t

�
ct ; dt ; ht ; '

�
; dm

i;t

�
ct ; dt ; ht ; '

�
; hm

i;t

�
ct ; dt ; ht ; '

�
; Z t

�
;

and

I i (ct ; dt ; ht ; ' ) � Uc;tcm
i;t

�
ct ; dt ; ht ; '

�
+ Ud;t dm

i;t

�
ct ; dt ; ht ; '

�
+ Uh;t ei;t hm

i;t

�
ct ; dt ; ht ; '

�
; (98)

we can express the MCF as

MCF t = 1 +
cov(� i ; I c;i;t )

Vc;t
;

and we can re-write the optimal pollution tax given by (96) as

� E;t =
1X

j =0

� j

 
Vc;t+ j +

P
i � i � i I c;i;t + j

Vc;t +
P

i � i � i I c;i;t
D 0

t+ j A1;t+ j Ft+ j �
N t+ j VZ;t + j

Vc;t +
P

i � i � i I c;i;t

!

JE M
t ;t+ j :

Using the de�nitions of � P igou
E;t , � t , and ! U

t stated in Section3.3, and substituting for the MCF, we can

write

� E;t = � P igou
E;t

�
�
�
SB

� 1X

j =0

MCF t+ j

MCF t
� t+ j (1 � ! U

t ) +
! U

t

MCF t

�
:

With balanced-growth preferences, substituting into (98) we obtain

I c;i;t = (1 � � )Uc;t

�
(1 + 
 + � )! i � 


ei

1 � &ht
+ �

�di;t

dt � �dt

�
: �

Proof of Proposition 5: Using our functional form assumption, we can rewrite the pseudo-utility

function as follows

W (ct ; dt ; ht ; Z t ; '; �; � ) = �
(ct (dt � �dt ) � (1 � &ht ) 
 )1� �

1 � �
+ û(Z ) + 	 Uh;t + � t Ud;t ;
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where

� �
X

i

� i ! i

� � i

' i
+

�
1 � �

��
1 + � + 


�
� i

�
;

	 �
1
&

X

i

� i � i ei ;

� t �
X

i

� i � i �di;t :

We can use the �rst-order conditions with respect to market weights to obtain

� i =
X

j

� j � j

' j
�

� i

' i
;

from which we can rewrite

� =
X

i

� i ! i

� � i

' i
+

�
1 � �

��
1 + � + 


� � X

j

� j � j

' j
�

� i

' i

��

=
X

j

� j
� j

' j
+

�
1 � (1 + � + 
 )(1 � � )

�
cov(� i =' i ; ! i );

	 =
1
&

X

i

� i

� X

j

� j � j

' j
�

� i

' i

�
ei

= �
cov(� i =' i ; ei )

&
;

� t =
X

i

� i

� X

j

� j � j

' j
�

� i

' i

�
�di;t

= � cov(� i =' i ; �di;t ):

Substituting the derivatives of U into equation (97), we get

� D;t =
� t (dt � �dt ) � 1Ud;t

� Uc;t + 	 Uhc;t + � t Udc;t
=

� t
�c t

(dt � �dt )2

� + 	 &
(� � 1)
(1� &ht ) � � t � (� � 1)

(dt � �dt )

: �

Explicit income tax formulas We can additionally obtain expressions for the other tax rates. In

particular, substituting the derivatives of U and W into equations (94) and (95), we have

� H;t = 1 �
� + 	 Uch;t

Uc;t
+ � t

Ucd;t
Uc;t

� + 	 Uhh;t
Uh;t

+ � t
Udh;t
Uh;t

=
	 &(1 � &ht ) � 1

� + 	
&
�

1� 
 (1� � )
�

(1� &ht ) + � t
� (1� � )
(dt � �dt )

;

Rt+1

R�
t+1

=
� + � t+1

Ucd;t +1
Uc;t +1

+ 	 Uch;t +1
Uc;t +1

� + � t
Ucd;t
Uc;t

+ 	 Uch;t
Uc;t

=
� + � t+1

� (1� � )
(dt +1 � �dt +1 ) � 	 &
(1� � )

(1� &ht +1 )

� + � t
� (1� � )
(dt � �dt ) � 	 &
(1� � )

(1� &ht )

;

and following the same steps as in AppendixA.4.2 we can obtain an expression for market weights

' i =
1

e
 (� � 1)
i

 

1 +
Uc;0R0N0(ai; 0 � A0) +

P
t N t � t

�
Uh;t

& (ei � 1) � Ud;t ( �di;t � �dt )
�

(1 � � )(1 + � + 
 )
P

t N t � t ~U(ct ; dt ; ht )

! 1� (1+ � + 
 )(1 � � )

:
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Comparison with the benchmark formula The previous expression is the same as the one found

in our benchmark, and the optimal tax will again be equal to the social cost of pollution when the

marginal reduction in implementation cost (
P

i � i � i I c;i;t ) is null, which is the case in the �rst-best.

Compared to our benchmark, the marginal implementation cost now includes an additional term from

the derivative of Ud with respect to consumption. In particular, we again have

X

i

� i � i I c;i;t = (1 � � )
cov(� i ; I i;t )

ct
;

but now the ratio of the period implementation cost for two agents i and j is

I i;t

I j;t
=

(1 + � + 
 )! i + � �di;t

(dt � �dt ) � 
e i
(1� &ht )

(1 + � + 
 )! j + � �dj;t

(dt � �dt ) � 
e j
(1� &ht )

:

Thus, the sign of the marginal implementation cost depends on a price e�ect through� , and on an

energy demand and labour supply e�ects from cov(� i ; I i;t ). The covariance term is higher in periods

when richer households (higher� i ) work relatively less, or when they have higher energy needs relative

to poor households compared to an average period.

D Optimal tax rules with heterogeneous climate damages

Proof of Proposition 6: When utility is additively separable in consumption-leisure and environ-

mental quality, the benchmark model presented in Appendix A can easily be generalised to the case

where households experience heterogeneous climate damages on their utility. If we write agents' utility

function as

ui (ci;t ; hi;t ; Z t ) � ~u (ci;t ; hi;t ) + ûi (Z t );

and apply the same steps as in AppendixA, we can again show that

� E;t =
1X

j =0

� j

 
Vc;t+ j +

P
i � i � i I c;i;t + j

Vc;t +
P

i � i � i I c;i;t
D 0

t+ j A1;t+ j Ft+ j �
N t+ j VZ;t + j

Vc;t +
P

i � i � i I c;i;t

!

JE M
t ;t+ j :

The only di�erence with the benchmark model is the expression ofVZ;t , the marginal disutility from

environmental degradation for the planner, which now writes

VZ;t =
X

i

� i � i û0
i (Z t ):

Using the fact that
P

i � i � i = 1 , we obtain

VZ;t =
X

i

� i û0
i (Z t ) + cov

�
� i ; û0

i (Z t )
�
;

hence heterogeneity in marginal utility damages matters for the optimal pollution tax if and only if

these marginal damages correlate with the planner's weight.�

Corollary 1 is a straightforward application of Proposition 6.
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E Optimal tax rules with third-best policies

In our baseline Ramsey problem, the government faces the constraint that only linear and anonymous

instruments can be used. Still, this set of �scal instruments confers a lot of power to the government,

arguably more than what most governments have. When introducing an environmental tax policy, a

government may not have complete freedom to adjust labour or capital income taxes. In this appendix,

we consider the implications of introducing these constraints. We �rst summarise the theoretical results

with �xed labour and then capital income taxes in Appendices E.1 and E.2. Appendix E.3 presents a

quantitative assessment, and detailed derivations are presented in AppendicesE.4 and E.5.

E.1 Fixed labour income tax

Let us assume that the planner cannot choose the labour income tax, which is exogenously �xed at a

level �� H in all periods t � 0. The planner now faces additional constraints: in every periodt � 0, it

must ensure that

Uh;t

Uc;t
= � (1 � �� H ) (1 � D t ) A1;t FH;t ; (99)

which pins down the wedge between the marginal rate of substitution between consumption and leisure

and the marginal product of labour. For a given value of �� H , equation (99) puts a restriction on

the implementable allocations that the planner must satisfy. Let � t � H
t denote the multiplier on the

constraint (99). The latter is proportional to the welfare impact of raising the exogenous �� H in a

particular period. The multiplier � H
t will be positive (resp. negative) on average if the labour income

tax is �xed at a sub-optimally high (resp. low) level. With the additional constraint ( 99) in each period

t, the expression for the optimal pollution tax becomes (see AppendixE.4 for more details)41

� E;t =
1

� 1;t

1X

j =0

� j
�

� 1;t+ j D 0
t+ j A1;t+ j Ft+ j � N t+ j VZ;t + j +� H

t+ j (1 � �� H ) D 0
t+ j A1;t+ j FH;t + j

�
JE M

t ;t+ j ; (100)

where� 1;t is the multiplier on the aggregate resource constraint in periodt, which measures the scarcity

of consumption goods and hence, the opportunity costs of reducing emissions. Compared to equation

(20), the main modi�cation is the �nal term in parentheses, which Barrage (2020) refers to as the�scal

interaction term. The impact on optimal carbon taxes is in general ambiguous and re�ects another

reason for deviating from the Pigouvian tax rule. If � H is �xed at a level below the second-best labour

tax, for instance, it is bene�cial to reduce carbon taxes and allow climate damages to reduce labour

productivity bringing the after-tax wage closer to the optimal level that would be reached without the

constraint.
41 Without constraint ( 99), it is optimal to equalize the marginal rate of technical substitution between capital and

labour across both sectors: the government does not wish to distort production decisions. In the third best, with constraint

(99), this is no longer the case, and it is optimal to deviate from zero excise energy taxes, � I;t .
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E.2 Fixed capital income tax

Let us now assume that the planner cannot choose the capital income tax, that is exogenously �xed at

a level �� K in all periods t � 0. The new constraints faced by the planner are such that in every period

t � 0,
Uc;t

Uc;t+1
= �

�
1 + (1 � �� K )

�
(1 � D t+1 ) A1;t+1 FK;t +1 � �

� �
; (101)

which links the marginal rate of substitution between consumption in periodst and t + 1 (on the left-

hand side) to the after-tax interest rate (on the right-hand side). As with an exogenous labour income

tax, equation (101) restricts the set of implementable allocations for a given value of�� K . Let � t � K
t+1

be the multiplier on this constraint in period t. The multiplier is positive if the capital income tax rate

is �xed at a sub-optimally high level so that raising �� K in a particular period lowers welfare. With the

additional constraint ( 101), the expression for the optimal pollution tax is modi�ed to (see Appendix

E.5 for more details)

� E;t =
1

� 1;t

1X

j =0

� j
�

� 1;t+ j D 0
t+ j A1;t+ j Ft+ j � N t+ j WZ;t + j + � K

t+ j (1 � �� K ) D 0
t+ j A1;t+ j FK;t + j

�
JE M

t ;t+ j ;

(102)

where again the last component captures the �scal interaction term. The intuition is similar to before.

If � K is �xed at a sub-optimally high level, for instance, it is bene�cial to increase carbon taxes and

further reduce climate damages to increase the marginal product of capital and bring the after-tax

interest rate closer to the optimal level.

E.3 Quantitative analysis

Figure 8 below compares the third-best pollution tax normalised to 1 (black line) with what it would

be ignoring the new �scal interaction term (green line), ignoring the MCF (red line), and ignoring

inequalities (blue line).42 As in our benchmark scenario, the MCF plays an insigni�cant role but

inequalities push the carbon tax downward. The e�ect of inequalities is slightly larger when the labour

income tax is �xed: ignoring inequalities would increase the tax by around 6% in this scenario instead

of about 4% in the second-best and in the scenario where the capital tax is �xed. Indeed, since�� H is

set to 25.5%,i.e. below the second-best tax rate, there are more consumption inequalities than in the

second-best and the opportunity cost of emission abatement is higher.

While the MCF still plays a negligible role, as can be seen from the small di�erence between the

green and red lines in both panels, �scal interactions now drive the carbon tax away from its Pigouvian

level through the additional constraints that arise in the third-best environment. Interestingly, the

�scal interaction term lowers the optimal carbon tax when the labour income tax is �xed, whereas

it raises the optimal carbon tax when the capital income tax is �xed. Recall that a carbon tax, by

reducing production damages, increasesboth the marginal product of labour and the marginal product

of capital and hence, the before-tax wage and interest rate. A higher before-tax wage, in turn, lowers

42 Appendix H.2 presents �gures for the optimal path of income and carbon taxes in the third-best scenarios.
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