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1 Introduction

Climate change poses one of the most pressing challenges of our time, with carbon
taxes widely recognized as a cost-effective tool for reducing greenhouse gas emis-
sions. However, designing optimal carbon taxes is a complex task that must account
for the heterogeneous effects of these policies across diverse households. Differences
in income, wealth, and access to financial markets significantly influence carbon tax-
ation’s economic and social impacts, shaping its feasibility and effectiveness. For
instance, low-income households, which allocate a larger share of their income to
energy-intensive goods, are disproportionately vulnerable to rising energy costs in-
duced by carbon taxes. These regressive effects risk exacerbating existing income in-
equalities unless carefully addressed.1

Motivated by the need to balance environmental objectives with social equity, this
paper investigates the optimal design of carbon taxes within a dynamic stochastic gen-
eral equilibrium (DSGE) framework. The analysis focuses on the interactions between
carbon taxation, household heterogeneity, and macroeconomic dynamics. Specifically,
we address several key questions: How does household heterogeneity shape the level
and structure of optimal carbon taxes? What are the trade-offs between equity and effi-
ciency in economies characterized by significant income and consumption inequality?
And what are the implications of household heterogeneity for the cyclical behavior of
the social cost of carbon and optimal taxation?

Our approach is built on four main blocks. First, we consider a real economy with
limited asset market participation where carbon emissions represent a negative exter-
nality in the households’ utility function that firms do not internalize, with the opti-
mal response being a Pigouvian tax. Limited asset market participation gives rise to
consumption and income heterogeneity between ”hand-to-mouth” (henceforth HtM)
households—who consume labor income and transfers—and ”savers”—who have full
access to financial markets. As a result, only a fraction of households own the pro-
ductive sector, implying that taxes on firms’ production are effectively levied on the
financial income accruing to savers (similar to Känzig, 2023).

Second, a central assumption is that consumer utility is non-separable in (higher)
consumption and (lower) emissions, implying that the negative effects of emissions
depend on the household-specific level of consumption.2 This generates inequality in
the marginal disutility of pollution and allows us to formalize the stylized fact that

1Among others, Grainger and Kolstad (2010), Sager (2019), and Belfiori et al. (2024) highlight how
the emissions associated with household spending differ across income levels. See also Bento et al.
(2009) and Fullerton and Heutel (2010), who focus on carbon taxes.

2Formally, the model incorporates the environmental externality in a non-additive manner, implying
that consumption and the stock of emissions are complementary (referred to as the compensation effect
by Michel and Rotillon, 1995).
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poorer households suffer relatively more from environmental hazards (European En-
vironment Agency, 2018; Hausman and Stolper, 2021; Cain et al., 2024; Colmer et al.,
2024).3 In this respect, our notion of HtM is intended to capture poorer households
(rather than the ”wealthy” HtM, as in Kaplan et al., 2014), consistent with the afore-
mentioned studies on the differential exposure of the bottom of the income distribu-
tion to the adverse effects of climate change.4

Third, we analyze two policy scenarios for designing the optimal carbon tax. In
the unconstrained scenario, the planner can redistribute income freely across house-
holds, eliminating consumption and income inequality. Here, the optimal tax aligns
with the social cost of carbon (SCC), resembling a representative agent framework and
achieving the first-best outcome. In the constrained scenario, redistribution is limited
to tax revenues, leading to consumption and income inequality in equilibrium. In this
setting, the planner faces an efficiency-equity trade-off, as the tax must balance the
dual objectives of addressing environmental externalities and mitigating inequality.
This scenario introduces key differences: the SCC incorporates the elevated emission
disutility experienced by poorer households, while the planner’s redistributive motive
affects the private cost of emissions and the resulting optimal tax rate.

Finally, we examine how economic fluctuations generated by total factor produc-
tivity (TFP) shocks influence optimal carbon tax rates and their interaction with house-
hold welfare. Specifically, we explore how countercyclical consumption inequality
mitigates fluctuations in the SCC by disproportionately benefiting poorer households
during economic expansions. Redistribution policies further shape the cyclical be-
havior of the tax, with fluctuations in inequality introducing a time-varying wedge
between the SCC and the tax.

Our findings contribute to the literature on climate policy by emphasizing the
role of household heterogeneity and macroeconomic fluctuations in shaping the op-
timal design of carbon taxes. First, we show that household heterogeneity signifi-
cantly influences the optimal carbon tax, both in its level and cyclical behavior. The
presence of HtM households, who consume their entire income and display a higher
marginal disutility from the environmental externality, increases the social cost of car-
bon and leads to a higher tax rate than a representative agent framework. Second,
redistributive constraints play a critical role in shaping the optimal tax rate. When
redistribution is limited to tax revenues, the tax rate reflects both the environmental
damage from emissions and the potential to alleviate inequality. Third, we find that

3An alternative setup would include the climate externality as directly affecting production rather
than utility. However, our modeling choice seems more natural, given our focus on heterogeneity in
the effects of pollution across households. Furthermore, including the externality in utility better fits
the notion of conventional pollutants that directly affect health (as also discussed in Heutel, 2012).

4Relatedly, we verify the sensitivity of our quantitative results to different calibrations of the param-
eter controlling the HtM population share.
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the cyclical properties of inequality affect the dynamics of the carbon tax. Counter-
cyclical inequality dampens SCC fluctuations, but redistribution motives amplify the
tax’s cyclical variability. This is most evident when the planner prioritizes redistribu-
tion towards poorer households, which, while reducing inequality, introduces greater
volatility in the tax rate.

Related literature Our paper contributes to the growing body of research (see, among
others, Heutel, 2012; Golosov et al., 2014; Annicchiarico and Di Dio, 2015; Benmir
et al., 2020; Gibson and Heutel, 2023; Känzig, 2023; Sahuc et al., 2024) addressing
climate issues through business-cycle models.5 While most of these studies adopt a
representative-agent framework (except for Känzig, 2023), we advance the literature
by introducing a limited asset market participation model that underscores the quanti-
tatively significant role of cyclical inequality in shaping the optimal carbon tax. Specif-
ically, we demonstrate that the optimal tax is not necessarily procyclical (as suggested,
for instance, by Heutel, 2012; Benmir et al., 2020) when consumption and income in-
equality exhibit sufficient countercyclicality, particularly under a scheme where tax
revenues are rebated to firm owners. Moreover, our results reveal that the optimal av-
erage tax in the two-agent model diverges significantly from its representative-agent
counterpart, varying based on the redistribution scheme employed.

This work closely aligns with the contribution of Känzig (2023), who examines
the heterogeneous effects of carbon pricing in a two-agent framework similar to ours.
The author argues that redistributing carbon tax revenues to the poorer—who bear
the most significant burden due to their higher share of spending on energy-intensive
goods—–can mitigate its adverse economic impacts by stabilizing inequality fluctu-
ations while still achieving substantial emission reductions. In a similar vein, we
demonstrate that the constrained optimal policy with redistribution to the HtM re-
duces and stabilizes inequality (in terms of absolute deviations from the steady state)
relative to the business-as-usual (BAU) scenario while prompting firms to cut emis-
sions by 20% to 30%. However, unlike Känzig (2023), who evaluates various redis-
tributive schemes under a given (and not necessarily optimal) tax rate, our approach
reveals a critical trade-off between environmental and redistributive objectives in the
design of the optimal carbon tax.

Despite abstracting from nominal rigidities and focusing on the issue of optimal
carbon taxation (similar to Heutel, 2012; Benmir et al., 2020, in a representative-agent
setup), our work also connects to a broader macroeconomic literature exploring the
interrelations between limited asset market participation, inequality fluctuations, and
business cycles (e.g., Bilbiie, 2020, 2024; Cantore and Freund, 2021; Bilbiie et al., 2022).
Specifically, we highlight how consumption inequality between savers and hand-to-

5For a review of the literature on business cycles and climate policies, see Annicchiarico et al. (2022).
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mouth households introduces a wedge in the social planner’s Euler equation for the
stock of greenhouse gases. This wedge, whose level and dynamics strictly depend
on alternative redistribution schemes for carbon tax revenues, influences both the first
and second moments of the social cost of carbon and, consequently, the optimal carbon
tax.

Our finding that inequality and redistribution have an impact not only on the
level but also the dynamics of the optimal carbon tax in response to aggregate shocks
constitutes a key contribution to the growing literature on carbon taxation in hetero-
geneous agent settings (Fullerton and Monti, 2013; Jacobs and van der Ploeg, 2019;
Goulder et al., 2019; Känzig, 2023; Fried et al., 2024). Indeed, most studies in this field
primarily focus on the tax level and abstract from aggregate uncertainty in finding the
transition path from a BAU to a (potentially optimal) carbon tax scenario. Our anal-
ysis differs in other aspects as well. First, unlike Fried et al. (2024) and Belfiori et al.
(2024), who use Stone-Geary preferences to capture the stylized fact that poorer house-
holds allocate a higher share of their expenditure to energy-intensive goods, we adopt
an external habit utility specification (as in Benmir et al., 2020) that reflects the regu-
larity that poorer households are disproportionately affected by environmental risks,
in line with the environmental justice literature reviewed by Cain et al. (2024). As a
result, the optimal tax in our unequal economy scenario—when rebates are provided
to savers—is considerably higher than the representative-agent counterpart, which
contrasts with the findings of Belfiori et al. (2024).6 Additionally, in our model, the
emission tax is levied on firm production rather than household consumption, mean-
ing that the fiscal burden falls primarily on wealthier households, who own the entire
productive sector due to limited participation in asset markets (as in Känzig, 2023). In
this sense, the uniformity and progressivity of the tax rate arise by construction in our
setup. Conversely, they represent a constraint and a result (respectively) in the social
planner’s problem in Belfiori et al. (2024).

Structure The rest of the paper is organized as follows. Section 2 presents the lim-
ited participation setup. Sections 3 and 4 discuss the main analytical results, which
characterize the decentralized economy and the optimal carbon tax under different re-
distribution schemes. In Section 5, the model is calibrated and simulated to evaluate
the quantitative relevance of inequality for the optimal tax, and the robustness of the
main results is verified in Section 6. Finally, Section 7 concludes.

6This result aligns with Jacobs and van der Ploeg (2019), who demonstrate that the Pigouvian tax
rate is larger when pollution disproportionately harms the poor.
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2 Model

We consider an RBC model with an environmental externality due to an accumulated
pollution stock, similar to Heutel (2012). Our economy, however, features two types
of households: HtM, who consume all their income, and savers, who invest in finan-
cial markets. Furthermore, given our focus on the household side of the economy, the
environmental externality is introduced in the utility—rather than the production—
function (as in Acemoglu et al., 2012; Barrage, 2019; Benmir et al., 2020; Belfiori et al.,
2024). Firms produce output, generating greenhouse gas (GHG) emissions. We con-
sider both a decentralized and a centralized economy in scenarios with and without
redistribution, determining the optimal carbon tax based on household inequality and
its impact on the economy. In the centralized case, the government imposes a carbon
tax to internalize the SCC and may redistribute resources between households.

2.1 Stock of GHGs and emissions

The accumulation of greenhouse gases (GHGs) depends on human activity according
to the following law of motion:

Xt+1 = ηXt + Et, (1)

where Xt is the concentration of GHGs in the atmosphere at time t, Et ≥ 0 is the
flow of emissions (specified below), and η ∈ (0, 1) is the linear rate of continuation of
CO2-equivalent emissions on a quarterly basis.

Emissions result from human activity as follows:

Et = (1− µt)ϕ1Y
1−ϕ2
t , (2)

where µt ∈ [0, 1] is the fraction of emissions abated by firms, Yt denotes aggregate
output, and ϕ1, ϕ2 ≥ 0 are carbon intensity parameters governing the relationship
between the production process and emissions.

2.2 Firm

The production side of the economy is standard. Firms maximize profits in a com-
petitive market and produce according to a Cobb-Douglas production function that
combines capital and labor:

Yt = εAt AK
α
t N

1−α
t , (3)

log(εAt ) = ρA log(εAt−1) + ηAt , (4)
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where α ∈ (0, 1) denotes the capital share of income, A is a (constant) productiv-
ity shifter, and εAt is a TFP shock that follows an AR(1) process in logs, with ηAt ∼
N(0, σηA).

Dividends are defined as:

Dt = Yt −WtNt − It − f(µt)Yt − τtEt, (5)

that is output net of the wage bill, investment, abatement costs, and the (potential) tax
on emissions levied by the fiscal authority. The abatement cost function f(µt) = θ1µ

θ2
t

depends on θ1—which pins down the steady-state fraction of abated emissions, the
level of abatement µt and θ2—the elasticity of abatement costs to abatement effort.

The capital stock follows the law of motion:

Kt+1 = (1− δ)Kt + Φ

(
It
Kt

)
Kt, (6)

with Φ
(

It
Kt

)
being the capital adjustment cost function defined as in Jermann (1998):

Φ

(
It
Kt

)
=

[
b1

1− ϵ

(
It
Kt

)1−ϵ

+ b2

]
. (7)

The elasticity ϵ controls the strength of adjustment costs, while the parameters b1, b2
ensure that adjustment costs do not affect the economy’s steady state.

2.3 Households

We distinguish between two groups of households. A fraction of the population con-
sists of HtM households (denoted by the superscript ”H”) who are assumed to be
excluded from financial markets and consume their labor income every period. The
rest of the population (representing a fraction 1 − γ) consists of savers (denoted by
the superscript ”S”) who work, trade bonds, and own the productive sector through
stock shares. To exclusively focus on heterogeneity in consumption and the disutil-
ity from pollution, we assume that both groups do not value leisure and supply their
whole-time endowment to work in the firm.

Utility function Both groups of households feature external habit preferences in the
spirit of Campbell and Cochrane (1999). Specifically, both groups of households dis-
play power utility derived from consumption net of the environmental externality:

ui
t =

(Ci
t − χXt)

1−σ

1− σ
, i ∈ {H,R}, (8)
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where χ ∈ [0, 1] denotes the sensitivity of utility to the GHGs stock, or equivalently
the strength of the environmental externality.

This specification introduces the environmental externality in a non-additive way,
implying that consumption and the stock of emissions are complements (the so-called
compensation effect in Michel and Rotillon, 1995). It accounts for the stylized fact that
poorer households suffer relatively more from environmental hazards (European En-
vironment Agency, 2018; Hausman and Stolper, 2021; Cain et al., 2024; Colmer et al.,
2024). To see this, note that the marginal disutility of an increase in the stock of GHGs
is given by:

ui
X,t = −χ(Ci

t − χXt)
−σ. (9)

Hence, consumption heterogeneity implies unequal marginal disutility of pollution,
even if the deep parameters are homogeneous across households. Specifically, as HtM
households consume, on average, less than savers, the former will display a larger
marginal disutility of accumulated GHGs.

HtM Households HtM households are excluded from financial markets and only
choose consumption to maximize lifetime utility:

max
{CH

t }
UH
t ≡ E0

∞∑
t=0

βt (C
H
t − χXt)

1−σ

1− σ
, (10)

subject to the budget constraint:

WtN
H
t + TH

t = CH
t . (11)

Therefore, labor income and lump-sum transfer from the government finance con-
sumption expenditures. If negative, TH

t denotes a lump-sum tax paid to the govern-
ment.

Savers Savers have full access to financial markets and choose consumption, bond
holdings, and stock holdings to maximize lifetime utility:

max
{CS

t ,Bt+1,St+1}
US
t ≡ E0

∞∑
t=0

βt (C
S
t − χXt)

1−σ

1− σ
, (12)

subject to the budget constraint:

WtN
S
t +Bt + St(Dt + P s

t ) + T S
t = CS

t + P b
t Bt+1 + P s

t St+1. (13)

The budget constraint states that consumption and purchases of equity shares (in
quantity St+1 at price P s

t ) and risk-free bonds (in quantity Bt+1 at price P b
t ) must be
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financed by labor income WtN
S
t and the returns on financial investments. Shares pur-

chased in the previous period yield a dividend Dt, while bonds yield a single con-
sumption unit per bond in the following period. Moreover, the household receives
lump-sum transfers from the government T S

t (or pays taxes, if negative).

2.4 Government and market clearing

The government runs a balanced budget, meaning that carbon tax revenues finance
net transfers:

τtEt = Tt, (14)

where aggregate lump-sum transfers are a weighted average of the two agents’:

Tt = γTH
t + (1− γ)T S

t . (15)

Similarly, aggregate consumption and the equilibrium in the labor, stock, and
bond markets are derived as:

Ct = γCH
t + (1− γ)CS

t , (16)

Nt = γNH
t + (1− γ)NS

t , (17)

1 = (1− γ)St, (18)

0 = (1− γ)Bt, (19)

where the equilibrium in financial markets accounts for limited asset market partici-
pation. While bonds are in zero net supply, the supply of stocks is normalized to 1.
Finally, market clearing in the goods market requires:

Yt = Ct + It + f(µt)Yt, (20)

i.e., total output is consumed, invested, or used to abate emissions.

3 Competitive equilibrium and decentralized economy

We start by analyzing the competitive equilibrium, where firms maximize profits, and
households maximize utility, taking the government’s carbon tax rate as given. We
show that the private marginal cost of emissions for firms is simply the carbon tax.
Consequently, firms do not abate emissions in the decentralized economy (BAU sce-
nario) where the tax rate is zero.
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Households Since they are excluded from financial markets and labor supply is in-
elastic, HtM households consume labor income every period. Conversely, the problem
of the saver reads:

max
{CS

t ,Bt+1,St+1}
US
t ≡ E0

∞∑
t=0

βt (C
S
t − χXt)

1−σ

1− σ
, (21)

subject to the budget constraint (13). The associated Lagrangian is:

LS = E0

∞∑
t=0

βt

{
(CS

t − χXt)
1−σ

(1− σ)

+λS
t [WtN

S
t +Bt + St(Dt + P s

t ) + T S
t − CS

t − P b
t Bt+1 − P s

t St+1]

}
.

The resulting FOCs are:

CS
t : λS

t = (CS
t − χXt)

−σ, (22)

Bt+1 : P b
t = EtMS

t,t+1, (23)

St+1 : P s
t = EtMS

t,t+1(Dt+1 + P s
t+1). (24)

Equation (22) denotes savers’ marginal utility of consumption and MS
t,t+1 ≡ β(λS

t+1/λ
S
t )

the associated stochastic discount factor (SDF). Conditions (23)-(24) are the key asset
pricing equations for bonds and stocks. As usual, the bond price reflects expected
marginal utility growth, while the stock price equals the expected discounted payoff,
i.e., dividends plus the resale price.

Firms The representative firm chooses output, labor, investment, capital stock, abate-
ment, and emissions to maximize its value, using the saver (firm owner) marginal
utility to discount payoffs:

max
{Yt,Nt,It.Kt+1,µt,Et}

E0

∞∑
t=0

βtλS
t Dt, (25)

subject to the emission equation (2), the production function (3), the law of motion for
capital (6), and the adjustment cost function (7).

9



The associated Lagrangian is:

LF = E0

∞∑
t=0

βtλS
t

{
Yt −WtNt − It − f(µt)Yt − Etτt

+ϱt[ε
A
t AK

α
t N

1−α
t − Yt]

+Qt

[
(1− δ)Kt + Φ

(
It
Kt

)
Kt −Kt+1

]
+V E

t [Et − (1− µt)ϕ1Y
1−ϕ2
t ]

}
.

The resulting first-order conditions are:

Yt : ϱt = 1− f(µt)− V E
t (1− ϕ2)Et/Yt, (26)

Nt : Wt = (1− α)ϱtYt/Nt, (27)

It : Qtb1

(
It
Kt

)−ϵ

= 1, (28)

Kt+1 : Qt = EtMS
t,t+1

{
ϱt+1αYt+1/Kt+1 +Qt+1

[
(1− δ) + Φ

(
It+1

Kt+1

)
−

b1

(
It+1

Kt+1

)1−ϵ
]}

, (29)

µt : V
E
t

Et

1− µt

= f
′
(µ)Yt, (30)

Et : V
E
t = τt, (31)

where f(µt)
′
= θ1θ2µ

θ2−1
t is the marginal cost of abatement.

Conditions (27)-(29) are standard in a limited asset market participation setup,
where the firm’s SDF depends on savers’ (rather than aggregate) marginal utility of
consumption. Condition (26) determines the real marginal cost of production. Pro-
ducing one additional unit increases profits but the cost of abatement and the cost
of higher emissions (the term V E

t (1 − ϕ2)Et/Yt) need to be subtracted. Notice that
V E
t —the Lagrange multiplier on the emissions constraint— can be interpreted as the

firm’s private marginal cost of increasing emissions (through larger production, as
(1− ϕ2)Et/Yt = ∂Et/∂Yt). This is determined by condition (31) and equals the carbon
tax rate. In a BAU scenario, the tax is not imposed. According to equation (30)—which
governs the optimal level of abatement—if the tax is zero, then the firm finds it opti-
mal not to abate (µt = 0), implying that the real marginal cost equals one, as in the
standard RBC model.

Thus, in the competitive equilibrium firms do not consider the stock of GHGs
to be a control variable and neglect their negative impact on household utility when
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making production decisions. Therefore, firms do not abate emissions without gov-
ernment intervention, with their shadow cost equal to zero. In the next section, we
show that this generates inefficiency because the SCC—i.e., the implicit price of car-
bon for a social planner that maximizes welfare—is instead positive. Therefore, the
optimal policy re-aligns the firm’s private cost of emissions with the SCC.

4 Optimal carbon tax

This section solves the social planner’s problem under different configurations. Specif-
ically, we consider a utilitarian planner—meaning that the welfare weights are equal
to the population shares—under different transfer policy constraints. In the uncon-
strained case, the planner can freely reallocate income across households. Then, the
planner redistributes both tax revenues and financial income to eliminate consump-
tion (and income) inequality between HtM and savers (similar to Belfiori et al., 2024).
In the constrained case, redistribution is restricted to tax revenues, resulting in con-
sumption and income inequality in equilibrium.

4.1 Unconstrained transfer policy

Consider first the case where the planner can freely transfer income between the two
groups of households. (The PU superscript will denote this case). The problem of the
planner is to choose group-specific consumption, investment, capital stock, output,
abatement, emissions, and the stock of GHGs to maximize welfare:

max
{CH

t ,CS
t ,It,Kt+1,Yt,µt,Et,Xt+1}

Wt = γUH
t + (1− γ)US

t , (32)

subject to the law of motion for GHGs (1), the emission equation (2), the production
function (3), the law of motion for capital (6) and the associated adjustment cost func-
tion (7), the definition of aggregate consumption (16), and the resource constraint (20).
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The associated Lagrangian is:

LPU = E0

∞∑
t=0

βt

{
γ
(CH

t − χXt)
1−σ

(1− σ)
+ (1− γ)

(CS
t − χXt)

1−σ

(1− σ)

+λPU
t [Yt − γCH

t − (1− γ)CS
t − It − f(µt)Yt]

+λPU
t QPU

t

[
(1− δ)Kt + Φ

(
It
Kt

)
Kt −Kt+1

]
+λPU

t ϱPU
t [εAt AK

α
t N

1−α
t − Yt]

+λPU
t V X,PU

t [Xt+1 − ηXt − Et]

+λPU
t V E,PU

t

[
Et − (1− µt)ϕ1Y

1−ϕ2
t

]}
.

Consumption The FOCs w.r.t. the two agents’ consumption levels are:

CH
t : λPU

t = (CH
t − χXt)

−σ, (33)

CS
t : λPU

t = (CS
t − χXt)

−σ, (34)

which implies:
CH

t = CS
t . (35)

If the planner can freely transfer resources between households, she only needs to
consider the aggregate—rather than individual—budget constraint. Therefore, the
optimality condition requires consumption to be equalized across households, i.e., in-
equality is eliminated, and the resulting allocation resembles a representative agent
economy. Recalling the expression for aggregate transfers—equation (15)—it can be
easily shown that equalized consumption entails:

TH
t = τ ∗t Et +Dt, (36)

T S
t = τ ∗t Et −

γ

(1− γ)
Dt, (37)

that is, the planner uniformly redistributes the revenues from the optimal tax while
transferring financial income from the saver to the HtM.

Emissions, abatement, GHGs, and optimal tax level Consider the FOCs wrt abate-
ment, emissions, and the stock of GHGs in the atmosphere:

µt : V E,PU
t Et/(1− µt) = f(µt)

′
Yt, (38)

Et : V E,PU
t = V X,PU

t , (39)

Xt+1 : V X,PU
t = EtMPU

t,t+1[ηV
X,PU
t+1 + χ], (40)
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where MPU
t,t+1 ≡ β(λPU

t+1/λ
PU
t ) is the social planner’s SDF.

The crucial difference with the decentralized economy is that condition (39) equal-
izes the private cost of emissions to the social cost of carbon. Therefore, the social
planner internalizes the adverse effects of emissions because she considers the stock
of GHGs to be a control variable. Comparing (39) and (31), it follows that the optimal
policy restores the first-best allocation in the competitive equilibrium by imposing the
tax rate:

τ ∗t = V X,PU
t , (41)

i.e., by re-aligning the firm’s private cost of emission to the SCC. In turn, the policy in-
duces firms to abate emissions optimally. The SCC—determined by condition (40)—is
essentially an asset pricing formula. The social value of carbon equals the expected
utility loss due to a unit increase in the stock of emissions (χ), plus its continuation
value—because emissions persist in the atmosphere according to the parameter η. The
social planners’ SDF, MPU

t,t+1, discounts this expected loss. As shown earlier, the latter
is the same as the one that would prevail in a representative agent economy since con-
sumption is equalized across agents through direct redistribution of financial income
from the saver to the HtM household.

Production and investment Finally, the social planner also chooses output, invest-
ment, and capital stock:

Yt : ϱ
PU
t = 1− f (µt)− V E,PU

t (1− ϕ2)Et/Yt, (42)

It : Q
PU
t b1

(
It
Kt

)−ϵ

= 1, (43)

Kt+1 : Q
PU
t = EtMPU

t,t+1

{
ϱPU
t+1αYt+1/Kt+1 +QPU

t+1

[
(1− δ) + Φ

(
It+1

Kt+1

)
−

b1

(
It+1

Kt+1

)1−ϵ
]}

. (44)

These optimality conditions are common to the RBC literature and are equivalent to
the decentralized economy, except that the SDF depends on the planner’s, rather than
the saver’s, marginal utility.

Next, we show that if the transfer policy is constrained to redistribute only the tax
revenues (not also financial income), household heterogeneity modifies the SCC and
the optimal tax.
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4.2 Constrained transfer policy

Consider now the case where the social planner cannot directly redistribute resources
between households. Specifically, the planner can only transfer (lump-sum) the tax
revenue to HtM and/or savers based on a policy of the form (see, e.g., Känzig, 2023):

T S
t =

1− ξ

1− γ
τtEt, (45)

TH
t =

ξ

γ
τtEt. (46)

The parameter ξ ∈ [0, 1] controls the share of revenues accruing to HtM households.
For example, ξ = 0 (ξ = 1) implies that taxes are fully transferred to savers (HtM). If
ξ = γ, instead, tax revenues are redistributed uniformly across all households.

The problem of the planner reads:

max
{CH

t ,CS
t ,It,Kt+1,Yt,µt,Et,Xt+1}

Wt = γUH
t + (1− γ)US

t , (47)

subject to the same constraints as before, plus the individual HtM budget constraint
in equation (10) and the transfer policy configuration (45)-(46). Indeed, as direct re-
distribution is ruled out, the planner must consider individual budget constraints.
However, given the aggregate resource constraint, the savers’ budget constraint is re-
dundant. (This case will be denoted by the superscript PC).

The associated Lagrangian is:

LPC = E0

∞∑
t=0

βt

{
γ
(CH

t − χXt)
1−σ

(1− σ)
+ (1− γ)

(CS
t − χXt)

1−σ

(1− σ)

+λPC
t [Yt − γCH

t − (1− γ)CS
t − It − f(µt)Yt]

+λPC
t λH,PC

t [WtN
H
t +

ξ

γ
τtEt − CH

t ]

+λPC
t QPC

t

[
(1− δ)Kt + Φ

(
It
Kt

)
Kt −Kt+1

]
+λPC

t ϱPC
t [εAt AK

α
t N

1−α
t − Yt]

+λPC
t V X,PC

t [Xt+1 − ηXt − Et]

+λPC
t V E,PC

t

[
Et − (1− µt)ϕ1Y

1−ϕ2
t

]}
.

Below, we discuss only the FOCs that differ from the unconstrained transfer policy
scenario.
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Consumption The constrained problem gives rise to the following optimality condi-
tions for consumption:

CH
t : λH,PC

t = γ

[
(CH

t − χXt)
−σ − λPC

t

]
λPC
t

, (48)

CS
t : λPC

t = (CS
t − χXt)

−σ. (49)

Compared to the unconstrained case, the Lagrange multiplier on the resource con-
straint, λPC

t , is a function of savers’ marginal utility. In other words, the planner’s
marginal utility coincides with the savers’ one. The Lagrange multiplier on the HtM
budget constraint, λH,PC

t , measures instead the relative difference between HtM and
savers’ marginal utility of consumption, weighted by the HtM population weight.
Therefore, λH,PC

t represents the key metric of inequality in the limited participation
economy, which collapses to zero if asset market participation is full (γ = 0).

Emissions, GHGs, and optimal tax level The optimality conditions for emissions
and the stock of GHGs now read:

Et : V E,PC
t = V X,PC

t − λH,PC
t

ξ

γ
τt, (50)

Xt+1 : V X,PC
t = EtMPC

t,t+1

{
ηV X,PC

t+1 + χ
[
1 + λH,PC

t+1

]}
, (51)

where MPC
t,t+1 ≡ β(λPC

t+1/λ
PC
t ) denotes the social planner’s SDF in the constrained case.

The SCC now features an additional term, χλH,PC
t+1 , that accounts for the relatively

higher disutility of GHGs related to the presence of poorer-than-average households
(recall equation (9)).7 Further, the social planner now equalizes the private cost of
emissions (V E,PC

t ) to the SCC net of the marginal utility benefit coming from redis-
tributing tax revenues towards HtM households (the term λH,PC

t
ξ
γ
τt).

By imposing V E,PC
t = τ ∗t in equation (50), we can solve for the constrained optimal

tax rate:

τ ∗t =
V X,PC
t

1 + ξ/γλH,PC
t

. (52)

Constraining the transfer policy available to the planner has two opposite effects on
the optimal tax. On the one hand, emissions have a more negative impact on so-
cial welfare relative to the unconstrained case (i.e., V X,PC

t > V X,PU
t ), because HtM

households suffer relatively more from the accumulation of GHGs. The effect of the
higher SCC calls for a higher tax. On the other hand, emissions generate revenues that
the planner can use to close the consumption (income) gap between savers and HtM
households. Recall that, in the first-best (unconstrained) policy, the planner finds it

7As long as γ ̸= 0 and CH < CR, λH,PC
t > 0. In other words, consumption inequality raises the

average SCC relative to the unconstrained (representative agent) scenario.
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optimal to equalize consumption across agents. Thus, from the social planner’s point
of view, the redistributive benefit of positive emissions partially compensates for the
negative externality due to the accumulation of GHGs. This effect calls for a lower tax
rate, which would induce lower abatement efforts by producing firms. In this sense,
an efficiency vs equality trade-off emerges in the presence of inequality and heteroge-
neous marginal disutility of pollution.

It is easy to see that the highest tax rate, and thus the highest abatement effort,
is obtained when tax revenues are fully rebated to savers (ξ = 0). If tax revenues
are instead redistributed uniformly (ξ = γ), then the average tax in the presence of
inequality is aligned with the one prevailing in a representative agent economy. To see
this, consider the steady-state SCC:

V X,PC =
β

1− βη
χ
[
1 + λH,PC

]
, (53)

and the steady-state optimal tax:

τ ∗ =
V X,PC

1 + ξ/γλH,PC
. (54)

It is easy to notice that if ξ = γ, then:

τ ∗ =
β

1− βη
χ. (55)

Thus, the steady-state constrained optimal tax rate under uniform redistribution coin-
cides with the unconstrained one (recall equation (41), evaluated in the steady state).
Finally, if the tax is disproportionately redistributed towards the HtM—i.e., if ξ > γ—
then the tax is lower than the unconstrained one.

Optimal tax dynamics Consumption and income inequality between savers and
HtM households also have implications for the cyclical properties of the SCC and the
optimal tax rate. To see this, suppose that the SCC is procyclical in the representa-
tive agent economy (as found in Heutel, 2012, among the others). Intuitively, during
expansions, increased production generates higher emissions, which translates into a
larger SCC—through the externality effect (captured by χ) and the continuation value
(captured by ηV X,PC

t+1 ). Thus, countercyclical (procyclical) consumption inequality will
dampen (amplify) fluctuations in the SCC.8 Countercyclical consumption inequality
means that, during expansions, the marginal utility of the HtM declines more relative
to the savers’ one. In other words, poorer households enjoy a relatively more signif-
icant improvement in economic conditions that mitigates the negative social impact

8Notice that if consumption inequality is countercyclical, λH,PC
t+1 is countercyclical too.
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of the environmental externality, which is mainly concentrated among precisely these
households. If inequality is strongly countercyclical, the positive effect of such a redis-
tributive channel on HtMs’ utility might even dominate, making the SCC potentially
countercyclical too. In turn, the behavior of the SCC maps one-to-one into the dynam-
ics of the optimal tax if the planner fully rebates the revenues to savers (ξ = 0).

However, in the presence of redistribution (ξ > 0), the dynamics of the marginal
(dis)utility gap λH,PC

t affects not only the SCC but also the planner’s marginal benefit
of redistribution, which enters in the denominator of the optimal tax. Thus, while
dampening the dynamics of the SCC, countercyclical inequality could actually amplify
fluctuations in the optimal tax relative to the unconstrained case. This counteracting
effect is more substantial for higher values of ξ, i.e. the larger the share redistributed to
HtM households. Intuitively, suppose the planner is concerned about redistribution.
In that case, she will find it optimal to bring the tax rate more in line with the SCC
when inequality is low, that is, during expansions (if inequality is countercyclical).
Even in the case of uniform redistribution (ξ = γ), which results in an average rate that
is equal to the representative agent economy, the decoupling between the SCC and tax
rate dynamics holds, due to fluctuations in inequality that determine a time-varying
wedge between the two variables.

5 Quantitative model

In this section, we calibrate and simulate the model to provide a quantitative assess-
ment of how the level and dynamics of inequality affect the behavior of the optimal
tax along the business cycle. In line with the analytical intuition developed before,
we find that the highest average tax rate is obtained in the constrained policy sce-
nario with a rebate to the savers. In contrast, the tax rate becomes strongly procyclical
and volatile if tax revenues are fully redistributed to HtM households. Indeed, in
the baseline calibration inequality is markedly countercyclical, which implies that the
planner’s redistributive motive weakens during expansions. Overall, inequality plays
a quantitatively relevant role in determining the SCC and the optimal carbon tax, both
on average and along the business cycle.

5.1 Calibration

We calibrate the model to the U.S. economy at the quarterly frequency. The calibra-
tion is based on the BAU scenario because the U.S. has not implemented any carbon
tax. Macroeconomic and environmental parameters follow Heutel (2012), while the
parameters on habit preferences are taken from Benmir et al. (2020). The resulting
parameterization is summarized in Table 1.
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We set the fraction of HtM households to 20% to capture the lowest income quin-
tile (in line with European Environment Agency, 2018, among the others). However,
in Section 6, we consider alternative calibrations too—with γ equal to 11% or 33%,
consistent with the literature distinguishing between ”poor” and ”wealthy” HtM (see,
e.g., Kaplan et al., 2014; Bilbiie, 2024). Households’ discount rate is set to β = 0.98267,
whereas the local utility curvature and utility externality weight are σ = 4.199 and
χ = 4× 10−4. In our calibration, the latter two parameter values imply that the agent-
specific steady-state effective risk aversion (RRAi ≡ σ

1−χX/Ci ) ranges between 4.85 and
5.98 across the different policy scenarios, which lie well below the value of 10 consid-
ered as an upper bound in the asset-pricing literature (Mehra and Prescott, 1985).9 As
these parameters directly affect households’ marginal disutility of pollution, we will
discuss the sensitivity of our quantitative results to variations in σ and χ.

The production sector’s parameters are standard in the RBC literature, with a cap-
ital share of income α = 36% and a capital depreciation rate δ = 2.5%. In the baseline,
we abstract from capital adjustment costs (ϵ = 0), although we test the sensitivity of
our results to this parameter in Section 6. Regarding the exogenous technology pro-
cess, TFP shocks are set to have volatility σηa = 0.007 and persistence ρa = 0.95. The
shifter A is imposed to normalize output to 1 only in the BAU steady state. This al-
lows for welfare comparison between the BAU and optimal policy scenarios, as the
tax affects the production level (and, thus, consumption) by changing firms’ marginal
costs.

Regarding environmental parameters, the pollution decay η = 0.9979 implies that
atmospheric carbon dioxide has a half-life of about 83 years. Parameters θ1 and θ2 con-
trol the cost of abating emissions as a share of total output. The calibrated value of
the θ2 (2.8) implies a convex cost function, while the coefficient θ1 = 0.05067 controls
the average cost and, therefore, abatement efficiency. The latter dimension is particu-
larly important for the planner’s balance between efficiency and equity objectives, as
shown in the robustness analysis. Furthermore, the parameters ϕ1 and ϕ2 govern the
steady state emissions-to-output ratio and the elasticity of emissions to output, respec-
tively. We set ϕ1 = 1 and ϕ2 = 0.304, implying an elasticity of 0.696, as estimated in
Heutel (2012).

Finally, three different transfer policy rules are contemplated for the constrained
optimal policy analysis. Tax revenues are fully rebated to savers, uniformly redis-
tributed to all households, or fully transferred to the HtM. These three alternatives
map into ξ = 0/γ/1.

9Specifically, the lowest values are obtained in the constrained optimal policy case with rebate to
savers (RRAS = 4.85 and RRAH = 5.11). The highest ones emerge in the BAU scenario (RRAS = 5.46
and RRAH = 5.98).
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5.2 Optimal carbon tax and welfare implications

Following Kim et al. (2008) we solve the model using a second-order approximation
to the policy functions. Averages of key variables of interest are reported in Table 2.10

Consider first the BAU and unconstrained optimal policy (representative agent)
scenarios. The imposition of the optimal tax reduces average output, consumption,
and investment.11 A positive tax on emissions induces positive abatement (µ = 32.2%),
which raises abatement costs. Since the abatement technology is quite efficient in our
baseline economy (i.e., θ1 is quite low), abatement costs still represent a small share
of total output, despite the significant abatement effort. Indeed, in this economy, an
optimal tax of 2% (the same value found in Benmir et al., 2020) reduces emissions
and the stock of GHGs by about 33%—from 1.001 to 0.676 and from 476.84 to 321.79,
respectively—and the associated SCC. The stronger impact on emissions relative to
consumption implies a substantial improvement in welfare (Wt) which, however, is
differently distributed between savers and HtM. Namely, the gain in aggregate welfare
reflects the remarkable improvement in the poorer households’ lifetime utility (UH

t ),
who benefit the most from both the decline in the stock of GHGs and the rise in their
consumption due to the redistribution (of both tax revenues and dividend income)
that equalizes consumption across all households. Relative to the BAU scenario, also
asset market participants’ lifetime utility (US

t ) slightly rises as the negative utility effect
of lower consumption is dominated by the benefits of emissions abatement.

Constraining the transfer policy only to redistribute tax revenues has quantita-
tively relevant effects on aggregate quantities, the optimal tax, and welfare. In line
with the analytical intuition developed earlier, the highest (lowest) tax rate is ob-
tained when tax revenues are fully rebated (redistributed) to savers (HtM). When
ξ = 0, the optimal tax rate equals 3.2%, i.e. 60% higher than the unconstrained level.
Therefore, for standard parameter values, consumption inequality—as captured by
the marginal utility gap λH,PC

t+1 —raises the SCC (V X
t ) in a quantitatively relevant man-

ner (recall equation (51)). Intuitively, poorer households suffer greater disutility from
the environmental externality, raising the SCC. The higher tax naturally induces more
abatement and, thus, a larger drop in emissions and GHGs. However, the associated
abatement costs imply lower output (through firms’ marginal costs), investment, and
consumption. Moreover, consumption inequality is exacerbated relative to the BAU
scenario, with the consumption ratio CS

t /C
H
t rising from about 1.29 to 1.32. The latter

effect is mostly due to a stronger decline in the HtM’s consumption, reflecting a wage

10In the constrained policy scenario, the model’s steady state needs to be found numerically. As the
marginal utility gap enters the SCC but is also affected by the optimal tax rate, the SCC cannot be found
analytically.

11In the BAU scenario, average output is not exactly equal to 1—as imposed in the non-stochastic
steady state—due to the presence of aggregate risk that drives precautionary savings and, thus, a
slightly higher average stock of capital.
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fall due to the higher marginal production costs generated by substantial abatement ef-
forts. Despite this side effect, the policy is welfare-improving both at the aggregate and
the agent-specific level, suggesting that, for the HtM, the cost of lower consumption
and higher inequality are more than compensated by the benefit of strong emission
reduction.

As shown in equation (52), redistributing tax revenues to HtM households decou-
ples the optimal tax rate from the SCC. As ξ rises, both the SCC and the optimal tax
decline, with the impact on the latter being more noticeable. Mechanically, as the tax
rate drops, all aggregate quantities move toward the BAU economy (where τ = 0 by
construction). Conversely, consumption inequality decreases because of two concur-
ring channels. First, a lower tax raises wages through the firm’s marginal cost. Second,
although aggregate revenues fall, the net transfers received by poorer households be-
come larger, further expanding their average consumption. In turn, this reduction in
inequality compresses the SCC. This positive consumption effect is outweighed by the
smaller cut in emissions, resulting in lower aggregate welfare compared to the uncon-
strained or tax rebate to S agents (ξ = 0) cases, although HtM households gain on net
from the redistribution policy. Finally, as anticipated analytically, the tax under uni-
form redistribution coincides with the unconstrained one, generating almost identical
aggregate and environmental implications. Nevertheless, as tax revenues alone are
insufficient to eliminate inequality, poorer households with strong disutility from the
environmental externality imply a higher SCC and more contained welfare improve-
ments relative to the representative agent economy, especially for the HtM.

Overall, the results suggest that inequality is quantitatively relevant in determin-
ing the optimal tax level. Therefore, a relevant efficiency-equality trade-off emerges
for the social planner. An unconstrained policy where a carbon tax and direct trans-
fers across households are available achieves the first best, addressing both the en-
vironmental externality and consumption/income inequality. However, if only tax
revenues are available for redistribution purposes, then the second-best policy calls
for a high tax—reflecting a higher SCC due to the presence of poor households who
particularly dislike the adverse externality effects—that is fully rebated to firms and
thus firm owners. In other words, the planner finds it optimal to address the environ-
mental externality even if this exacerbates inequality. Indeed, for poorer households,
the benefit of emissions abatement dominates the negative effect of a (relatively small)
reduction in their consumption. Nevertheless, as argued in Section 6, the design of the
second-best policy critically hinges on the abatement technology efficiency parameter,
θ1.

22



5.3 Optimal carbon tax dynamics

Consumption and income inequality also affect the cyclical behavior of the optimal
tax. To analyze the amplification/attenuation in the SCC and optimal tax dynam-
ics due to time-varying inequality, Table 3 reports model-implied standard devia-
tions. Figure 1 depicts the impulse response functions of selected variables to a one-
standard-deviation positive TFP shock.

Standard deviations The model under the BAU scenario performs similarly to stan-
dard RBC models, with (log) consumption (investment) being 0.70 (2.24 times) as
volatile as output. In the unconstrained (representative agent) scenario, aggregate
volatility is slightly amplified, as the planner’s redistribution policy stabilizes poorer
households’ consumption at the expense of the savers’, directly affecting the standard
deviation of investment—through savers’ stochastic discount factor. Relatedly, the
SCC exhibits a larger standard deviation relative to BAU, due to the removal of coun-
tercyclical fluctuations in the marginal utility gap (λH

t ) that exert a dampening effect
on the SCC’s dynamics (as shown later). Naturally, introducing the tax reduces the
variability in the emissions stream too.

The constrained optimal policy has a limited stabilizing impact on macroeco-
nomic aggregates compared to the BAU benchmark. However, the different redis-
tributive schemes significantly alter the behavior of agent-specific consumption, in-
equality, SCC, and optimal tax. When moving from the rebate (ξ = 0) to the full
redistribution (ξ = 1) policy, the marginal utility gap dynamics are strongly amplified
as the volatility of the HtMs’ consumption rises relative to the savers’ one. In turn, as
anticipated analytically, larger fluctuations in the marginal utility gap dampen the vari-
ations in SCC while amplifying those in the tax rate, which map into relatively stable
emission flows. Recalling equation (52), these results suggest that the countercycli-
cal time-variation in the planner’s redistributive motive (the denominator) dominates
that in SCC (the numerator), resulting in a strong amplification of the optimal tax dy-
namics as fiscal revenues are redistributed towards poorer households.

Impulse response analysis To provide intuition about the model-implied dynamics,
Figure 1 displays the responses of selected variables to a positive 1-standard deviation
TFP shock. To account for the fact that different scenarios are approximated around
different steady states (as shown in Table 2), we report absolute deviations (multiplied
by 100) from the respective stochastic steady state. The BAU economy (red-dots solid
line) features standard business-cycle dynamics, with higher TFP raising output, con-
sumption, and investment. Expanded production raises emissions, whereas the ab-
sence of a carbon tax induces no abatement by polluting firms and leaves transfers to
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zero. Concurrently, savers’ consumption rises substantially less than the HtMs’, which
maps into markedly countercyclical consumption inequality—as captured by the neg-
ative response of the marginal (dis)utility gap (λH

t ). Such a response drives a fall in the
SCC, which declines despite the rise in emissions. Therefore, the redistributive effect
of the shock, which mitigates the aggregate marginal disutility of pollution by favor-
ing HtM consumption during expansions, dominates the rise in the stock of GHGs in
the determination of the SCC.

The countercyclical behavior of the SCC is a novel result relative to existing lit-
erature that abstracts from household heterogeneity in the study of optimal carbon
tax dynamics. In this respect, it is instructive to compare the responses under BAU
with those under the unconstrained optimal policy—which results in a representative
agent economy (black solid lines). From an aggregate perspective, while unchanged
for output, the emissions response is substantially smaller and less persistent relative
to BAU, due to the hump-shaped response of the optimal tax inducing a gradual in-
crease in abatement effort over time. Therefore, as in Heutel (2012) and Benmir et al.
(2020), the SCC—and, thus, the optimal tax—is procyclical in the representative agent
economy, where the marginal utility gap is zero by definition.

The countercyclical behavior of the SCC also holds in the constrained optimal
policy scenarios, as the marginal (dis)utility gap always declines in the limited partic-
ipation economy. However, as argued analytically, only if tax revenues are fully re-
bated to savers does the tax rate exactly reflect the dynamics of the SCC. Hence, when
ξ = 0 (blue dashed lines), the tax rate slightly falls on impact to then climb above
average only after about 5 periods, producing a steeper profile of the emissions pos-
itive response. From a redistributive perspective, the expansion in emissions entails
that tax revenues (and transfers) still rise, and the consequent rebate to savers slightly
mitigates the fall in consumption inequality relative to BAU. When instead revenues
are partially (ξ = γ) or fully (ξ = 1) redistributed to the HtM (cyan dash-dotted and
green dotted lines, respectively), the dynamics of the tax rate strongly diverge from
that of the SCC. Specifically, despite the SCC being always countercyclical, the tax rate
becomes strongly procyclical. In these cases, therefore, abatement swiftly reacts to the
positive technology shock, effectively containing the surge in emissions. Moreover,
full transfers to HtM households sustain their consumption relative to asset market
participants.

Why does the tax rate behave so differently in the presence of redistribution? Re-
call that when only tax revenues are available to address consumption inequality, the
optimal tax (52) reflects an efficiency vs equality trade-off. On the one hand, the plan-
ner would like to set a high tax that significantly curbs the stock of GHGs, thus ad-
dressing the environmental externality. On the other hand, emissions generate tax
revenues that can be used to close the consumption gap between asset market par-

25



Fi
gu

re
1:

R
es

po
ns

es
to

TF
P

sh
oc

ks

0
1

0
2

0
3

0

0
.4

0
.5

0
.6

0
.7

0
1

0
2

0
3

0

0
.2

2

0
.2

4

0
.2

6

0
1

0
2

0
3

0

0
.2

0
.3

0
.4

0
1

0
2

0
3

0

0
.1

0
.2

0
.3

0
.4

0
1

0
2

0
3

0

-
2

-
1

.5-
1

-
0

.50

0
1

0
2

0
3

0

0
.2

0
.3

0
.4

0
.5

0
1

0
2

0
3

0

0
.2

0
.2

2

0
.2

4

0
1

0
2

0
3

0

0

0
.1

0
.2

0
.3

0
1

0
2

0
3

0

-
505

1
0

1
0

-
3

0
1

0
2

0
3

0

0

0
.0

1

0
.0

2

0
1

0
2

0
3

0

0

0
.0

0
5

0
.0

1

0
.0

1
5

0
.0

2

N
ot

es
:I

m
pu

ls
e

re
sp

on
se

fu
nc

ti
on

s
(I

R
Fs

)o
fs

el
ec

te
d

va
ri

ab
le

s
to

a
1

st
an

da
rd

de
vi

at
io

n
(p

os
it

iv
e)

TF
P

sh
oc

k,
co

m
pu

te
d

ba
se

d
on

a
se

co
nd

-o
rd

er
ap

pr
ox

im
at

io
n

to
th

e
po

lic
y

fu
nc

ti
on

s.
IR

Fs
ar

e
ex

pr
es

se
d

in
ab

so
lu

te
de

vi
at

io
ns

(m
ul

ti
pl

ie
d

by
1
0
0

)
fr

om
th

e
st

oc
ha

st
ic

st
ea

dy
st

at
e

an
d

re
po

rt
ed

fo
r

th
e

bu
si

ne
ss

-a
s-

us
ua

l
(B

A
U

),
un

co
ns

tr
ai

ne
d

op
ti

m
al

po
lic

y,
an

d
co

ns
tr

ai
ne

d
op

ti
m

al
po

lic
y

(u
nd

er
di

ff
er

en
tr

ed
is

tr
ib

ut
io

n
sc

he
m

es
)s

ce
na

ri
os

.

26



ticipants and HtM households, with this redistributive motive becoming stronger the
larger the share of revenues to redistribute to the poor. As reported in Table 2, this
tension is resolved in favor of the redistributive objective, with the average tax rate
declining as ξ rises. However, the trade-off evolves dynamically along the business cy-
cle. In our calibrated economy, consumption inequality shrinks following a positive
technology shock. Therefore, during expansions, the planner’s redistributive motive
becomes weaker relative to the climate objective, triggering a stronger hike in the tax
rate. In other words, the planner finds it optimal to take advantage of expansions—
i.e. times of lower inequality—to decisively address the negative effects of the climate
externality, resulting in a much more procyclical tax compared to the representative
agent case.

Overall, in a similar vein to Känzig (2023), we find that the constrained optimal
policy with redistribution stabilizes both emissions and inequality, which is lower on
average and exhibits smaller absolute deviations from the steady state relative to BAU.
However, recall that IRFs are expressed in absolute deviations from different stochastic
steady states. Therefore, a similar absolute deviation in inequality (or the tax rate)
between different redistribution schemes entails very different responses relative to
the steady state. For example, in the full redistribution (ξ = 1) policy, inequality is
on average lower than in the full rebate (ξ = 0) case (recall Table 2). Thus, in relative
terms, the inequality dynamics are strongly amplified as ξ rises, consistent with the
information conveyed by the standard deviations discussed earlier.

6 Sensitivity analysis

In this section, we analyze the robustness of the relevance of cyclical inequality for
both the level and the dynamics of the SCC and the optimal carbon tax along some
key parameter values. The resulting tables and figures are reported in Appendix A.

Different HtM shares As a first robustness exercise, we consider a lower or higher
share of HtM households by setting the parameter γ = to 0.11 or 0.33. These shares are
in line with Kaplan et al. (2014), who show that about one third of US households are
HtM, with only a third of them (hence, about 11% of total population) being ”poor”
in terms of illiquid wealth. Tables A.1-A.4, and Figures A.1-A.2, demonstrate that,
as expected, a lower (higher) share of HtM weakens (strengthens) the quantitative
implications of inequality for the SCC and the optimal tax. However, the qualitative
insights remain unaltered.

Low abatement efficiency Our results underline a trade-off between efficiency and
equity for the design of the optimal carbon tax. In this perspective, the parameter
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θ1—which controls the abatement technology efficiency through the abatement cost
function—can, in principle, change the second-best policy, which, in the baseline anal-
ysis, consisted of a high tax (inducing large abatement efforts) with rebate to savers.
Thus, we simulate the model with θ1 being 3.5 times the baseline. Such a value im-
plies that the planner can induce half as much abatement in the unconstrained policy
scenario given the same tax rate.12 Table A.5 confirms this conjecture. As the abatement
technology is less efficient, the planner needs a tax that is too high to improve the
HtM’s lifetime utility through reduced emissions significantly. Consequently, the sec-
ond and third-best policies imply redistributing revenues to the HtM or uniformly, re-
spectively. Therefore, the prevalence of efficiency vs equity objectives crucially hinges
on the planner’s ability to curb emissions through the carbon tax. Table A.6 and Figure
A.3 show instead that this parameter is almost irrelevant to the model dynamics.

Utility function parameters The habit utility function parameters directly affect house-
holds’ risk aversion, elasticity of intertemporal substitution, and valuation of climate
damages. Thus, we repeat the analysis by halving the local curvature parameter
(σ = 2) or the surplus consumption ratio (1− χX/Ci) in the BAU non-stochastic
steady state (by setting χ = 8.7360 × 10−4).13 Tables A.7-A.10 and Figures A.4-A.5
show that these parameters affect both the means and the standard deviations of all
variables. Lower σ (higher χ) implies larger (smaller) marginal disutility from emis-
sions, resulting in lower (higher) average SCC and optimal tax rates in the scenarios
with inequality.14 Similarly, lower σ (higher χ) dampen (amplify) the dynamics of the
marginal (dis)utility gap, implying that the SCC becomes more procyclical (counter-
cyclical). In all cases, the relationship between inequality and optimal taxes remains
intact from both a qualitative and quantitative point of view.

Capital adjustment costs Finally, we consider the sensitivity of our results to the
capital adjustment cost parameter by setting ϵ = 1.5 (similar to Benmir et al., 2020).
By construction, this parameter does not affect the steady state but only the model
dynamics (Tables A.11-A.12 and Figure A.6). By making investment less volatile and,
thus, dividends less countercyclical, capital adjustment costs make the marginal (dis)utility
gap less countercyclical. As a result, the SCC and optimal tax rate are always procycli-
cal (even in the unequal economy under BAU and constrained optimal policy). How-
ever, the dampening (amplifying) effect of countercyclical inequality on the SCC (tax)

12Since inequality affects the optimal tax, in the constrained scenario it would not be possible to
induce less abatement without changing also the optimal tax rate. This is possible in the representative
agent economy, where the average SCC is a function of β, η, and χ.

13Recall that half σ (surplus consumption) maps into half (double) the baseline effective risk aversion
in the BAU scenario. The resulting values still lie towards the lower bound usually considered in the
external habit literature (see Benmir et al., 2020, for comparison).

14The average unconstrained optimal tax and SCC are not affected by σ instead.
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dynamics remains quantitatively relevant, as suggested by the change in the standard
deviations moving from the unconstrained scenario to the constrained optimal policy
with a full redistribution to HtM households.

7 Conclusion

This paper explores the implications of household heterogeneity for the design and
cyclical behavior of optimal carbon taxes in a real economy. Given our focus on bal-
ancing the potentially heterogeneous costs and benefits of a carbon tax, we incorporate
the environmental externality directly into the utility function. By allowing for com-
plementarity between consumption and the stock of emissions, our setup introduces
inequality in the marginal disutility of pollution, disproportionately affecting poorer
households. The presence of heterogeneous agents thus shapes both the level and dy-
namics of the optimal carbon tax, revealing an efficiency-equity trade-off for the social
planner.

Starting from a benchmark decentralized setup, in the absence of a carbon tax
(BAU scenario) firms have no incentive to internalize the environmental externality,
leading to zero abatement in equilibrium. We then consider, moving to a centralized
solution, two distinct scenarios. First, the unconstrained case, where the planner can
redistribute income freely across households, effectively eliminating consumption and
income inequality. Here, the optimal carbon tax aligns with the SCC, reflecting the
first-best solution that addresses environmental externality without being influenced
by household heterogeneity.

In the constrained case, where redistribution is limited to tax revenues, key differ-
ences arise. The social cost of carbon reflects the immediate and future loss of utility
from emissions and incorporates the increased disutility experienced by poorer house-
holds. Moreover, the planner faces a trade-off: higher emissions reduce welfare due
to their environmental impact but also generate additional tax revenues that can be
used to alleviate and stabilize inequality. This trade-off results in an optimal tax rate
influenced by environmental and redistributive considerations. Our analysis high-
lights that, under constrained redistribution, inequality amplifies the SCC and leads
to higher average tax rates. However, if revenues are redistributed to poorer house-
holds, the tax rate decreases relative to the unconstrained case, and its fluctuations
become more pronounced in the presence of countercyclical inequality.

The second key contribution of this paper lies in examining the cyclical proper-
ties of the SCC and the optimal carbon tax. We show that countercyclical consumption
inequality mitigates fluctuations in the SCC as poorer households disproportionately
benefit from economic expansions, which reduces the social impact of emissions ex-
ternalities. Contrary to findings in the literature, this effect can even render the SCC
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countercyclical under strongly countercyclical inequality. Furthermore, the relation-
ship between the SCC and the optimal tax is contingent on redistribution policies.
While the tax directly tracks the SCC when revenues are fully rebated to savers, redis-
tribution introduces a time-varying wedge between the two, amplifying the cyclical
variability of the tax rate, particularly when redistribution is targeted toward poorer
households.

Finally, we quantitatively assess how the level and dynamics of inequality influ-
ence the optimal carbon tax along the business cycle. The results confirm that inequal-
ity plays a quantitatively significant role in shaping both the average level and the
cyclical behavior of the tax. Notably, the findings underscore the planner’s efficiency
and equity dilemma. In the unconstrained scenario, the planner achieves the first-best
solution by addressing both environmental externalities and inequality. In the con-
strained case, the second-best policy calls for a higher tax to mitigate the dispropor-
tionate environmental impact on poorer households, even at the cost of exacerbating
inequality. However, this approach ultimately benefits poorer households by priori-
tizing emission reduction over a small reduction in their consumption.

These findings have important implications for climate policy, emphasizing the
need to consider household heterogeneity and the efficiency-equity trade-off we high-
light when designing carbon taxation policies. Future research could extend this frame-
work to explore the role of endogenous labor supply, nominal rigidities, and relaxation
of the government-balanced budget assumption in shaping the optimal carbon tax.
Furthermore, our setup can also be used to analyze optimal carbon taxation under
different Pareto weights (e.g., to introduce an inequality-averse planner) or to study
the dynamics in response to additional shocks (e.g., to emissions from the rest of the
world or to the carbon tax itself).

References

Acemoglu, D., Aghion, P., Bursztyn, L., and Hemous, D. (2012). The environment and
directed technical change. American Economic Review, 102(1):131–66.

Annicchiarico, B., Carattini, S., Fischer, C., and Heutel, G. (2022). Business cycles and
environmental policy: A primer. Environmental and Energy Policy and the Economy,
3:221–253.

Annicchiarico, B. and Di Dio, F. (2015). Environmental policy and macroeconomic
dynamics in a New Keynesian model. Journal of Environmental Economics and Man-
agement, 69:1–21.

30



Barrage, L. (2019). Optimal Dynamic Carbon Taxes in a Climate–Economy Model with
Distortionary Fiscal Policy. Review of Economic Studies, 87(1):1–39.

Belfiori, M. E., Carroll, D., and Hur, S. (2024). Unequal climate policy in an unequal
world. Globalization Institute Working Paper, (427).

Benmir, G., Jaccard, I., and Vermandel, G. (2020). Green asset pricing. ECB Working
Paper Series No. 2477.

Bento, A. M., Goulder, L. H., Jacobsen, M. R., and von Haefen, R. H. (2009). Distri-
butional and efficiency impacts of increased us gasoline taxes. American Economic
Review, 99(3):667–99.

Bilbiie, F., Primiceri, G. E., and Tambalotti, A. (2022). Inequality and business cycles.
Technical report, mimeo.

Bilbiie, F. O. (2020). The New Keynesian cross. Journal of Monetary Economics, 114:90–
108.

Bilbiie, F. O. (2024). Monetary policy and heterogeneity: An analytical framework*.
The Review of Economic Studies, page rdae066.

Cain, L., Hernandez-Cortes, D., Timmins, C., and Weber, P. (2024). Recent findings
and methodologies in economics research in environmental justice. Review of Envi-
ronmental Economics and Policy, 18(1):116–142.

Campbell, J. Y. and Cochrane, J. H. (1999). By force of habit: A consumption-
based explanation of aggregate stock market behavior. Journal of Political Economy,
107(2):205–251.

Cantore, C. and Freund, L. B. (2021). Workers, capitalists, and the government: Fiscal
policy and income (re) distribution. Journal of Monetary Economics, 119:58–74.

Colmer, J., Qin, S., Voorheis, J., and Walker, R. (2024). Income, wealth, and environ-
mental inequality in the United States. NBER Working Paper Series, 33050.

European Environment Agency (2018). Unequal exposure and unequal impacts: Social
vulnerability to air pollution, noise and extreme temperatures in europe. Technical
Report 22/18. Available at: https://www.eea.europa.eu/publications/

unequal-exposure-and-unequal-impacts.

Fried, S., Novan, K., and Peterman, W. B. (2024). Understanding the inequality and
welfare impacts of carbon tax policies. Journal of the Association of Environmental and
Resource Economists, 11(S1):S231–S260.

31

https://www.eea.europa.eu/publications/unequal-exposure-and-unequal-impacts
https://www.eea.europa.eu/publications/unequal-exposure-and-unequal-impacts


Fullerton, D. and Heutel, G. (2010). The general equilibrium incidence of environmen-
tal mandates. American Economic Journal: Economic Policy, 2(3):64–89.

Fullerton, D. and Monti, H. (2013). Can pollution tax rebates protect low-wage earn-
ers? Journal of Environmental Economics and Management, 66(3):539–553.

Gibson, J. and Heutel, G. (2023). Pollution and labor market search externalities over
the business cycle. Journal of Economic Dynamics and Control, 151:104665.

Golosov, M., Hassler, J., Krusell, P., and Tsyvinski, A. (2014). Optimal taxes on fossil
fuel in general equilibrium. Econometrica, 82(1):41–88.

Goulder, L. H., Hafstead, M. A., Kim, G., and Long, X. (2019). Impacts of a carbon
tax across us household income groups: What are the equity-efficiency trade-offs?
Journal of Public Economics, 175:44–64.

Grainger, C. and Kolstad, C. (2010). Who pays a price on carbon? Environmental
Resource Economics, 46(3):359–376.

Hausman, C. and Stolper, S. (2021). Inequality, information failures, and air pollution.
Journal of Environmental Economics and Management, 110:102552.

Heutel, G. (2012). How should environmental policy respond to business cycles? Op-
timal policy under persistent productivity shocks. Review of Economic Dynamics,
15(2):244–264.

Jacobs, B. and van der Ploeg, F. (2019). Redistribution and pollution taxes with non-
linear engel curves. Journal of Environmental Economics and Management, 95:198–226.

Jermann, U. J. (1998). Asset pricing in production economies. Journal of Monetary
Economics, 41(2):257–275.

Känzig, D. R. (2023). The unequal economic consequences of carbon pricing. NBER
Working Paper Series, 31221.

Kaplan, G., Violante, G. L., and Weidner, J. (2014). The wealthy hand-to-mouth. Brook-
ings Papers on Economic Activity, 45(1 (Spring):77–153.

Kim, J., Kim, S., Schaumburg, E., and Sims, C. A. (2008). Calculating and using second-
order accurate solutions of discrete time dynamic equilibrium models. Journal of
Economic Dynamics and Control, 32(11):3397–3414.

Mehra, R. and Prescott, E. C. (1985). The equity premium: A puzzle. Journal of Monetary
Economics, 15(2):145–161.

32



Michel, P. and Rotillon, G. (1995). Disutility of pollution and endogenous growth.
Environmental and Resource Economics, 6:279–300.

Sager, L. (2019). Income inequality and carbon consumption: Evidence from environ-
mental engel curves. Energy Economics, 84(S1):S0140988319302968.

Sahuc, J., Smets, F., and Vermandel, G. (2024). The New Keynesian climate model.
CEPR Discussion Papers, DP19745.

33



Internet Appendix to
Optimal Carbon Tax with

Limited Asset Market Participation

Cristiano Cantore † Giovanni Di Bartolomeo ‡

Francesco Saverio Gaudio §

February 26, 2025

†Sapienza University of Rome. Email: cristiano.cantore@uniroma1.it.
‡Sapienza University of Rome. Email: giovanni.dibartolomeo@uniroma1.it.
§Sapienza University of Rome. Email: francescosaverio.gaudio@uniroma1.it.

cristiano.cantore@uniroma1.it
giovanni.dibartolomeo@uniroma1.it
francescosaverio.gaudio@uniroma1.it


A Sensitivity analysis

1



Ta
bl

e
A

.1
:M

ea
ns

-P
oo

r
H

tM

V
ar

ia
bl

e
BA

U
U

nc
.O

pt
.P

ol
ic

y
C

on
.O

pt
.P

ol
ic

y

R
eb

at
e

to
S

(ξ
=

0)
U

ni
fo

rm
R

ed
.

(ξ
=

γ
)

R
ed

.t
o

H
tM

(ξ
=

1)

Y
t

1.
00
2

0.
99
6

0.
99
4

0.
99
5

0.
99
7

I t
0.
21
2

0.
20
8

0.
20
7

0.
20
8

0.
20
9

f
(µ

t)
Y
t

0.
00
0

0.
00
2

0.
00
3

0.
00
2

0.
00
1

C
t

0.
79
0

0.
78
5

0.
78
3

0.
78
5

0.
78
7

C
S t

0.
80
8

0.
78
5

0.
80
2

0.
80
2

0.
79
4

C
H t

0.
64
2

0.
78
5

0.
62
6

0.
64
3

0.
72
6

V
X t

0.
02
7

0.
02
0

0.
02
6

0.
02
5

0.
02
2

τ
∗ t

0.
00
0

0.
02
0

0.
02
6

0.
02
0

0.
01
4

E
t

1.
00
1

0.
67
6

0.
62
8

0.
67
5

0.
73
9

τ
∗ t
E

t
0.
00
0

0.
01
4

0.
01
6

0.
01
4

0.
01
0

X
t

47
6.
91

32
1.
79

29
9.
10

32
1.
58

35
2.
14

µ
t

0.
00
0

0.
32
2

0.
36
9

0.
32
2

0.
25
8

W
t

−
10
1.
37

−
69
.8
95

−
72
.4
27

−
74
.0
06

−
74
.3
69

U
S t

−
84
.8
63

−
69
.8
95

−
61
.5
20

−
64
.2
16

−
70
.8
03

U
H t

−
23
4.
92

−
69
.8
95

−
16
0.
67

−
15
3.
22

−
10
3.
22

N
ot

es
:A

ve
ra

ge
s

fo
r

se
le

ct
ed

m
ac

ro
ec

on
om

ic
an

d
en

vi
ro

nm
en

ta
lv

ar
ia

bl
es

w
it

h
γ
=

0.
1
1.

2



Ta
bl

e
A

.2
:S

ta
nd

ar
d

de
vi

at
io

ns
(%

)-
Po

or
H

tM

V
ar

ia
bl

e
BA

U
U

nc
.O

pt
.P

ol
ic

y
C

on
.O

pt
.P

ol
ic

y

R
eb

at
e

to
S

(ξ
=

0)
U

ni
fo

rm
R

ed
.

(ξ
=

γ
)

R
ed

.t
o

H
tM

(ξ
=

1)

lo
g
(Y

t)
3.
68

3.
68

3.
61

3.
61

3.
50

lo
g
(I

t)
8.
43

8.
53

8.
19

8.
16

7.
65

lo
g
(C

t)
2.
55

2.
55

2.
53

2.
53

2.
48

lo
g
(C

S t
)

2.
45

2.
55

2.
44

2.
43

2.
20

lo
g
(C

H t
)

3.
68

2.
55

3.
58

3.
63

5.
20

lo
g
(λ

H t
)

13
.0
3

0.
00

10
.6
7

11
.6
9

44
.5
7

lo
g
(τ

∗ t
)

0.
00

4.
86

4.
18

5.
69

19
.2
0

lo
g
(E

t)
2.
56

1.
77

1.
88

1.
39

1.
15

lo
g
(V

X t
)

4.
30

4.
86

4.
18

4.
15

3.
42

N
ot

es
:S

ta
nd

ar
d

de
vi

at
io

ns
fo

r
se

le
ct

ed
m

ac
ro

ec
on

om
ic

an
d

en
vi

ro
nm

en
ta

lv
ar

ia
bl

es
w

it
h
γ
=

0.
1
1.

3



Fi
gu

re
A

.1
:R

es
po

ns
es

to
TF

P
sh

oc
ks

-P
oo

r
H

tM

0
1
0

2
0

3
0

0
.4

0
.5

0
.6

0
.7

0
1
0

2
0

3
0

0
.2

2

0
.2

4

0
.2

6

0
1
0

2
0

3
0

0
.2

0
.3

0
.4

0
1
0

2
0

3
0

-
0
.20

0
.2

0
.4

0
1
0

2
0

3
0

-
1

-
0
.8

-
0
.6

-
0
.4

-
0
.2

0
1
0

2
0

3
0

0
.3

0
.4

0
.5

0
.6

0
.7

0
1
0

2
0

3
0

0
.2

0
.2

2

0
.2

4

0
1
0

2
0

3
0

0

0
.2

0
.4

0
1
0

2
0

3
0

05

1
0

1
0

-
3

0
1
0

2
0

3
0

0

0
.0

2

0
.0

4

0
1
0

2
0

3
0

0

0
.0

1

0
.0

2

0
.0

3

0
.0

4

N
ot

es
:I

m
pu

ls
e

re
sp

on
se

fu
nc

ti
on

s
(I

R
Fs

)o
fs

el
ec

te
d

va
ri

ab
le

s
to

a
1

st
an

da
rd

de
vi

at
io

n
(p

os
it

iv
e)

TF
P

sh
oc

k
w

it
h
γ
=

0.
1
1

.

4



Ta
bl

e
A

.3
:M

ea
ns

-P
oo

r
an

d
w

ea
lt

hy
H

tM

V
ar

ia
bl

e
BA

U
U

nc
.O

pt
.P

ol
ic

y
C

on
.O

pt
.P

ol
ic

y

R
eb

at
e

to
S

(ξ
=

0)
U

ni
fo

rm
R

ed
.

(ξ
=

γ
)

R
ed

.t
o

H
tM

(ξ
=

1)

Y
t

1.
00
2

0.
99
6

0.
98
8

0.
99
5

0.
99
8

I t
0.
21
2

0.
20
8

0.
20
4

0.
20
8

0.
21
0

f
(µ

t)
Y
t

0.
00
0

0.
00
2

0.
00
8

0.
00
2

0.
00
1

C
t

0.
79
0

0.
78
5

0.
77
6

0.
78
5

0.
78
7

C
S t

0.
86
3

0.
78
5

0.
85
4

0.
85
4

0.
85
0

C
H t

0.
64
1

0.
78
5

0.
61
7

0.
64
3

0.
65
9

V
X t

0.
05
0

0.
02
0

0.
04
6

0.
04
2

0.
04
0

τ
∗ t

0.
00
0

0.
02
0

0.
04
6

0.
02
0

0.
01
0

E
t

1.
00
1

0.
67
6

0.
48
8

0.
67
5

0.
77
7

τ
∗ t
E

t
0.
00
0

0.
01
4

0.
02
3

0.
01
4

0.
00
8

X
t

47
6.
74

32
1.
79

23
2.
61

32
1.
19

37
0.
09

µ
t

0.
00
0

0.
32
2

0.
50
7

0.
32
3

0.
22
1

W
t

−
12
0.
81

−
69
.8
95

−
76
.6
98

−
84
.3
84

−
89
.2
86

U
S t

−
64
.5
79

−
69
.8
95

−
43
.4
33

−
50
.5
03

−
56
.0
64

U
H t

−
23
4.
98

−
69
.8
95

−
14
4.
24

−
15
3.
17

−
15
6.
74

N
ot

es
:A

ve
ra

ge
s

fo
r

se
le

ct
ed

m
ac

ro
ec

on
om

ic
an

d
en

vi
ro

nm
en

ta
lv

ar
ia

bl
es

w
it

h
γ
=

0.
3
3.

5



Ta
bl

e
A

.4
:S

ta
nd

ar
d

de
vi

at
io

ns
(%

)-
Po

or
an

d
w

ea
lt

hy
H

tM

V
ar

ia
bl

e
BA

U
U

nc
.O

pt
.P

ol
ic

y
C

on
.O

pt
.P

ol
ic

y

R
eb

at
e

to
S

(ξ
=

0)
U

ni
fo

rm
R

ed
.

(ξ
=

γ
)

R
ed

.t
o

H
tM

(ξ
=

1)

lo
g
(Y

t)
3.
51

3.
68

3.
45

3.
44

3.
42

lo
g
(I

t)
7.
63

8.
53

7.
44

7.
34

7.
23

lo
g
(C

t)
2.
51

2.
55

2.
50

2.
48

2.
49

lo
g
(C

S t
)

2.
18

2.
55

2.
20

2.
15

2.
08

lo
g
(C

H t
)

3.
51

2.
55

3.
43

3.
47

3.
68

lo
g
(λ

H t
)

12
.6
2

0.
00

9.
78

11
.2
9

14
.0
6

lo
g
(τ

∗ t
)

0.
00

4.
86

3.
32

7.
26

11
.1
4

lo
g
(E

t)
2.
45

1.
77

2.
29

0.
77

0.
83

lo
g
(V

X t
)

3.
20

4.
86

3.
32

3.
08

2.
81

N
ot

es
:S

ta
nd

ar
d

de
vi

at
io

ns
fo

r
se

le
ct

ed
m

ac
ro

ec
on

om
ic

an
d

en
vi

ro
nm

en
ta

lv
ar

ia
bl

es
w

it
h
γ
=

0.
3
3.

6



Fi
gu

re
A

.2
:R

es
po

ns
es

to
TF

P
sh

oc
ks

-P
oo

r
an

d
w

ea
lt

hy
H

tM

0
1
0

2
0

3
0

0
.4

0
.5

0
.6

0
.7

0
1
0

2
0

3
0

0
.2

0
.2

2

0
.2

4

0
.2

6

0
.2

8

0
1
0

2
0

3
0

0
.1

0
.2

0
.3

0
.4

0
1
0

2
0

3
0

0
.1

0
.2

0
.3

0
.4

0
1
0

2
0

3
0

-
4

-
20

0
1
0

2
0

3
0

0
.2

0
.3

0
.4

0
.5

0
1
0

2
0

3
0

0
.2

0
.2

2

0
.2

4

0
1
0

2
0

3
0

-
0
.10

0
.1

0
.2

0
1
0

2
0

3
0

-
0
.0

2

-
0
.0

10

0
.0

1

0
1
0

2
0

3
0

-
0
.0

10

0
.0

1

0
.0

2

0
1
0

2
0

3
0

0

0
.0

0
5

0
.0

1

0
.0

1
5

0
.0

2

N
ot

es
:I

m
pu

ls
e

re
sp

on
se

fu
nc

ti
on

s
(I

R
Fs

)o
fs

el
ec

te
d

va
ri

ab
le

s
to

a
1

st
an

da
rd

de
vi

at
io

n
(p

os
it

iv
e)

TF
P

sh
oc

k
w

it
h
γ
=

0.
3
3

.

7



Ta
bl

e
A

.5
:M

ea
ns

-L
ow

ab
at

em
en

te
ffi

ci
en

cy

V
ar

ia
bl

e
BA

U
U

nc
.O

pt
.P

ol
ic

y
C

on
.O

pt
.P

ol
ic

y

R
eb

at
e

to
S

(ξ
=

0)
U

ni
fo

rm
R

ed
.

(ξ
=

γ
)

R
ed

.t
o

H
tM

(ξ
=

1)

Y
t

1.
00
2

0.
99
5

0.
99
0

0.
99
5

0.
99
8

I t
0.
21
2

0.
20
8

0.
20
5

0.
20
8

0.
21
0

f
(µ

t)
Y
t

0.
00
0

0.
00
1

0.
00
3

0.
00
1

0.
00
0

C
t

0.
79
0

0.
78
6

0.
78
2

0.
78
6

0.
78
8

C
S t

0.
82
7

0.
78
6

0.
82
3

0.
82
1

0.
81
5

C
H t

0.
64
1

0.
78
6

0.
62
0

0.
64
5

0.
68
0

V
X t

0.
03
4

0.
02
0

0.
03
5

0.
03
1

0.
02
7

ta
u
∗ t

0.
00
0

0.
02
0

0.
03
5

0.
02
0

0.
01
0

E
t

1.
00
1

0.
83
6

0.
77
8

0.
83
6

0.
88
9

τ
∗ t
E

t
0.
00
0

0.
01
7

0.
02
7

0.
01
7

0.
00
9

X
t

47
6.
84

39
8.
27

37
0.
40

39
7.
97

42
3.
23

µ
t

0.
00
0

0.
16
1

0.
21
6

0.
16
1

0.
11
0

W
t

−
10
8.
65

−
81
.0
78

−
91
.7
0

−
91
.2
45

−
90
.4
18

U
S t

−
77
.0
78

−
81
.0
78

−
63
.9
39

−
68
.0
44

−
73
.5
93

U
H t

−
23
4.
95

−
81
.0
78

−
20
2.
74

−
18
4.
05

−
15
7.
72

N
ot

es
:A

ve
ra

ge
s

fo
r

se
le

ct
ed

m
ac

ro
ec

on
om

ic
an

d
en

vi
ro

nm
en

ta
lv

ar
ia

bl
es

w
it

h
θ 1

=
0.
0
5
6
0
7
×
3.
5.

8



Ta
bl

e
A

.6
:S

ta
nd

ar
d

de
vi

at
io

ns
(%

)-
Lo

w
ab

at
em

en
te

ffi
ci

en
cy

V
ar

ia
bl

e
BA

U
U

nc
.O

pt
.P

ol
ic

y
C

on
.O

pt
.P

ol
ic

y

R
eb

at
e

to
S

(ξ
=

0)
U

ni
fo

rm
R

ed
.

(ξ
=

γ
)

R
ed

.t
o

H
tM

(ξ
=

1)

lo
g
(Y

t)
3.
62

3.
72

3.
58

3.
57

3.
51

lo
g
(I

t)
8.
12

8.
66

8.
02

7.
95

7.
66

lo
g
(C

t)
2.
54

2.
57

2.
54

2.
53

2.
51

lo
g
(C

S t
)

2.
35

2.
57

2.
37

2.
33

2.
18

lo
g
(C

H t
)

3.
62

2.
57

3.
55

3.
64

4.
27

lo
g
(λ

H t
)

12
.8
6

0.
00

11
.0
4

12
.5
7

21
.1
8

lo
g
(τ

∗ t
)

0.
00

5.
08

3.
87

6.
85

14
.7
7

lo
g
(E

t)
2.
52

2.
23

2.
25

1.
88

1.
53

lo
g
(V

X t
)

3.
73

5.
08

3.
87

3.
66

3.
05

N
ot

es
:S

ta
nd

ar
d

de
vi

at
io

ns
fo

r
se

le
ct

ed
m

ac
ro

ec
on

om
ic

an
d

en
vi

ro
nm

en
ta

lv
ar

ia
bl

es
w

it
h
θ 1

=
0.
0
5
6
0
7
×

3.
5.

9



Fi
gu

re
A

.3
:R

es
po

ns
es

to
TF

P
sh

oc
ks

-L
ow

ab
at

em
en

te
ffi

ci
en

cy

0
1
0

2
0

3
0

0
.4

0
.5

0
.6

0
.7

0
1
0

2
0

3
0

0
.2

2

0
.2

4

0
.2

6

0
1
0

2
0

3
0

0
.2

0
.3

0
.4

0
1
0

2
0

3
0

0
.2

0
.3

0
.4

0
1
0

2
0

3
0

-
2

-
1
.5-
1

-
0
.50

0
1
0

2
0

3
0

0
.2

0
.3

0
.4

0
.5

0
1
0

2
0

3
0

0
.2

0
.2

2

0
.2

4

0
1
0

2
0

3
0

0

0
.0

5

0
.1

0
.1

5

0
1
0

2
0

3
0

-
505

1
0

1
5

1
0

-
3

0
1
0

2
0

3
0

0

0
.0

1

0
.0

2

0
.0

3

0
1
0

2
0

3
0

0

0
.0

1

0
.0

2

0
.0

3

N
ot

es
:I

m
pu

ls
e

re
sp

on
se

fu
nc

ti
on

s
(I

R
Fs

)o
fs

el
ec

te
d

va
ri

ab
le

s
to

a
1

st
an

da
rd

de
vi

at
io

n
(p

os
it

iv
e)

TF
P

sh
oc

k
w

it
h
θ 1

=
0.
0
5
6
0
7
×
3
.5

.

10



Ta
bl

e
A

.7
:M

ea
ns

-L
ow

ri
sk

av
er

si
on

V
ar

ia
bl

e
BA

U
U

nc
.O

pt
.P

ol
ic

y
C

on
.O

pt
.P

ol
ic

y

R
eb

at
e

to
S

(ξ
=

0)
U

ni
fo

rm
R

ed
.

(ξ
=

γ
)

R
ed

.t
o

H
tM

(ξ
=

1)

Y
t

1.
00
1

0.
99
4

0.
99
3

0.
99
4

0.
99
6

I t
0.
21
2

0.
20
8

0.
20
7

0.
20
8

0.
20
9

f
(µ

t)
Y
t

0.
00
0

0.
00
2

0.
00
3

0.
00
2

0.
00
1

C
t

0.
78
9

0.
78
4

0.
78
3

0.
78
4

0.
78
6

C
S t

0.
82
7

0.
78
4

0.
82
2

0.
82
0

0.
81
1

C
H t

0.
64
1

0.
78
4

0.
62
7

0.
64
2

0.
68
6

V
X t

0.
02
4

0.
02
0

0.
02
4

0.
02
4

0.
02
2

τ
∗ t

0.
00
0

0.
02
0

0.
02
4

0.
02
0

0.
01
5

τ
∗ t
E

t
0.
00
0

0.
01
4

0.
01
5

0.
01
4

0.
01
1

E
t

1.
00
1

0.
67
6

0.
64
3

0.
67
6

0.
72
8

X
t

47
6.
45

32
1.
85

30
6.
43

32
1.
80

34
6.
72

µ
t

0.
00
0

0.
32
1

0.
35
3

0.
32
1

0.
27
0

W
t

−
98
.3
39

−
88
.0
96

−
88
.9
58

−
89
.3
57

−
89
.8
60

U
S t

−
85
.9
17

−
88
.0
96

−
77
.7
64

−
79
.5
95

−
81
.7
35

U
H t

−
12
8.
49

−
88
.0
96

−
11
4.
64

−
11
2.
52

−
10
5.
71

N
ot

es
:A

ve
ra

ge
s

fo
r

se
le

ct
ed

m
ac

ro
ec

on
om

ic
an

d
en

vi
ro

nm
en

ta
lv

ar
ia

bl
es

w
it

h
σ
=

2.

11



Ta
bl

e
A

.8
:S

ta
nd

ar
d

de
vi

at
io

ns
(%

)-
Lo

w
ri

sk
av

er
si

on

V
ar

ia
bl

e
BA

U
U

nc
.O

pt
.P

ol
ic

y
C

on
.O

pt
.P

ol
ic

y

R
eb

at
e

to
S

(ξ
=

0)
U

ni
fo

rm
R

ed
.

(ξ
=

γ
)

R
ed

.t
o

H
tM

(ξ
=

1)

lo
g
(Y

t)
3.
29

3.
34

3.
26

3.
25

3.
24

lo
g
(I

t)
6.
93

7.
32

6.
82

6.
80

6.
68

lo
g
(C

t)
2.
50

2.
52

2.
50

2.
50

2.
49

lo
g
(C

S t
)

2.
37

2.
52

2.
39

2.
38

2.
31

lo
g
(C

H t
)

3.
29

2.
52

3.
24

3.
26

3.
48

lo
g
(λ

H t
)

7.
98

0.
00
0

6.
79

7.
40

11
.4
9

lo
g
(τ

∗ t
)

0.
00

2.
77

2.
54

3.
07

5.
42

lo
g
(E

t)
2.
29

1.
98

1.
99

1.
77

1.
35

lo
g
(V

X t
)

2.
68

2.
77

2.
54

2.
53

2.
45

N
ot

es
:S

ta
nd

ar
d

de
vi

at
io

ns
fo

r
se

le
ct

ed
m

ac
ro

ec
on

om
ic

an
d

en
vi

ro
nm

en
ta

lv
ar

ia
bl

es
w

it
h
σ
=

2.

12



Fi
gu

re
A

.4
:R

es
po

ns
es

to
TF

P
sh

oc
ks

-L
ow

ri
sk

av
er

si
on

0
1
0

2
0

3
0

0
.3

0
.4

0
.5

0
.6

0
.7

0
1
0

2
0

3
0

0
.2

2

0
.2

4

0
.2

6

0
.2

8

0
1
0

2
0

3
0

0
.1

0
.2

0
.3

0
.4

0
1
0

2
0

3
0

0
.1

0
.2

0
.3

0
.4

0
1
0

2
0

3
0

-
0
.4

-
0
.20

0
1
0

2
0

3
0

0
.2

0
.3

0
.4

0
.5

0
1
0

2
0

3
0

0
.2

2

0
.2

4

0
.2

6

0
.2

8

0
1
0

2
0

3
0

0

0
.0

5

0
.1

0
.1

5

0
1
0

2
0

3
0

02468

1
0

-
3

0
1
0

2
0

3
0

05

1
0

1
5

1
0

-
3

0
1
0

2
0

3
0

0

0
.0

0
5

0
.0

1

0
.0

1
5

N
ot

es
:I

m
pu

ls
e

re
sp

on
se

fu
nc

ti
on

s
(I

R
Fs

)o
fs

el
ec

te
d

va
ri

ab
le

s
to

a
1

st
an

da
rd

de
vi

at
io

n
(p

os
it

iv
e)

TF
P

sh
oc

k
w

it
h
σ
=

2.

13



Ta
bl

e
A

.9
:M

ea
ns

-H
ig

h
ex

te
rn

al
it

y
w

ei
gh

t

V
ar

ia
bl

e
BA

U
U

nc
.O

pt
.P

ol
ic

y
C

on
.O

pt
.P

ol
ic

y

R
eb

at
e

to
S

(ξ
=

0)
U

ni
fo

rm
R

ed
.

(ξ
=

γ
)

R
ed

.t
o

H
tM

(ξ
=

1)

Y
t

1.
00
4

0.
98
9

0.
98
2

0.
98
9

0.
99
4

I t
0.
21
3

0.
20
5

0.
20
1

0.
20
5

0.
20
7

f
(µ

t)
Y
t

0.
00
0

0.
00
8

0.
01
8

0.
00
8

0.
00
3

C
t

0.
79
0

0.
77
7

0.
76
4

0.
77
6

0.
78
3

C
S t

0.
82
7

0.
77
7

0.
80
3

0.
81
0

0.
80
2

C
H t

0.
64
2

0.
77
7

0.
60
6

0.
64
0

0.
70
7

V
X t

0.
15
6

0.
04
5

0.
07
5

0.
07
2

0.
05
7

τ
∗ t

0.
00
0

0.
04
5

0.
07
5

0.
04
5

0.
02
5

E
t

1.
00
2

0.
49
8

0.
33
1

0.
49
7

0.
63
6

τ
∗ t
E

t
0.
00
0

0.
02
2

0.
02
5

0.
02
2

0.
01
6

X
t

47
7.
37

23
7.
26

15
7.
48

23
6.
47

30
2.
84

µ
t

0.
00
0

0.
49
8

0.
66
5

0.
49
9

0.
36
0

W
t

−
70
9.
19

−
11
0.
21

−
94
.7
1

−
12
6.
24

−
15
6.
96

U
S t

−
31
5.
55

−
11
0.
21

−
66
.6
9

−
91
.1
8

−
13
2.
10

U
H t

−
22
83
.8
0

−
11
0.
21

−
20
6.
80

−
26
6.
50

−
25
6.
39

N
ot

es
:A

ve
ra

ge
s

fo
r

se
le

ct
ed

m
ac

ro
ec

on
om

ic
an

d
en

vi
ro

nm
en

ta
lv

ar
ia

bl
es

w
it

h
χ
=

8.
7
3
6
0
×

1
0−

4
.

14



Ta
bl

e
A

.1
0:

St
an

da
rd

de
vi

at
io

ns
(%

)-
H

ig
h

ex
te

rn
al

it
y

w
ei

gh
t

V
ar

ia
bl

e
BA

U
U

nc
.O

pt
.P

ol
ic

y
C

on
.O

pt
.P

ol
ic

y

R
eb

at
e

to
S

(ξ
=

0)
U

ni
fo

rm
R

ed
.

(ξ
=

γ
)

R
ed

.t
o

H
tM

(ξ
=

1)

lo
g
(Y

t)
3.
94

3.
75

3.
57

3.
56

3.
42

lo
g
(I

t)
9.
27

8.
77

8.
03

7.
89

7.
18

lo
g
(C

t)
2.
61

2.
53

2.
48

2.
45

2.
39

lo
g
(C

S t
)

2.
38

2.
53

2.
30

2.
25

1.
91

lo
g
(C

H t
)

3.
94

2.
53

3.
53

3.
54

4.
75

lo
g
(λ

H t
)

29
.8
2

0.
00
0

11
.1
2

13
.7
7

36
.8
5

lo
g
(τ

∗ t
)

0.
00

5.
27

3.
58

7.
32

21
.4
2

lo
g
(E

t)
2.
74

1.
30

2.
71

1.
01

3.
81

lo
g
(V

X t
)

5.
98

5.
27

3.
58

3.
36

2.
27

N
ot

es
:S

ta
nd

ar
d

de
vi

at
io

ns
fo

r
se

le
ct

ed
m

ac
ro

ec
on

om
ic

an
d

en
vi

ro
nm

en
ta

lv
ar

ia
bl

es
w

it
h
χ
=

8.
7
3
6
0
×

1
0−

4
.

15



Fi
gu

re
A

.5
:R

es
po

ns
es

to
TF

P
sh

oc
ks

-H
ig

h
ex

te
rn

al
it

y
w

ei
gh

t

0
1
0

2
0

3
0

0
.3

0
.4

0
.5

0
.6

0
.7

0
1
0

2
0

3
0

0
.2

0
.2

2

0
.2

4

0
.2

6

0
.2

8

0
1
0

2
0

3
0

0
.2

0
.3

0
.4

0
1
0

2
0

3
0

-
0
.6

-
0
.4

-
0
.20

0
.2

0
.4

0
1
0

2
0

3
0

-
1
5

-
1
0

-
50

0
1
0

2
0

3
0

0
.2

0
.4

0
.6

0
1
0

2
0

3
0

0
.1

8

0
.2

0
.2

2

0
.2

4

0
1
0

2
0

3
0

0

0
.2

0
.4

0
.6

0
.8

0
1
0

2
0

3
0

-
0
.2

-
0
.1

5

-
0
.1

-
0
.0

50

0
1
0

2
0

3
0

0

0
.0

5

0
.1

0
1
0

2
0

3
0

0

0
.0

2

0
.0

4

0
.0

6

N
ot

es
:I

m
pu

ls
e

re
sp

on
se

fu
nc

ti
on

s
(I

R
Fs

)o
fs

el
ec

te
d

va
ri

ab
le

s
to

a
1

st
an

da
rd

de
vi

at
io

n
(p

os
it

iv
e)

TF
P

sh
oc

k
w

it
h
χ
=

8.
7
3
6
0
×

1
0−

4
.

16



Ta
bl

e
A

.1
1:

M
ea

ns
-C

ap
it

al
ad

ju
st

m
en

tc
os

ts

V
ar

ia
bl

e
BA

U
U

nc
.O

pt
.P

ol
ic

y
C

on
.O

pt
.P

ol
ic

y

R
eb

at
e

to
S

(ξ
=

0)
U

ni
fo

rm
R

ed
.

(ξ
=

γ
)

R
ed

.t
o

H
tM

(ξ
=

1)

lo
g
(Y

t)
1.
00
2

0.
99
5

0.
99
1

0.
99
5

0.
99
8

lo
g
(I

t)
0.
21
2

0.
20
8

0.
20
6

0.
20
8

0.
21

lo
g
(f
(µ

t)
Y
t)

0
0.
00
2

0.
00
5

0.
00
2

0.
00
1

lo
g
(C

t)
0.
78
9

0.
78
4

0.
78

0.
78
4

0.
78
7

lo
g
(C

S t
)

0.
82
7

0.
78
4

0.
82

0.
82

0.
81
5

lo
g
(C

H t
)

0.
64
1

0.
78
4

0.
62
3

0.
64
3

0.
67
4

lo
g
(V

X t
)

0.
03
4

0.
02

0.
03
2

0.
03
1

0.
02
8

lo
g
(τ

∗ t
)

0
0.
02

0.
03
2

0.
02

0.
01

lo
g
(E

t)
1.
00
1

0.
67
5

0.
58

0.
67
5

0.
78

lo
g
(τ

∗ t
E

t)
0

0.
01
4

0.
01
9

0.
01
4

0.
00
8

lo
g
(X

t)
47
6.
65

32
1.
45

27
6.
07

32
1.
27

37
1.
52

lo
g
(µ

t)
0

0.
32
2

0.
41
6

0.
32
2

0.
21
8

W
t

−
10
8.
67

−
70
.0
03

−
74
.4
13

−
77
.9
01

−
81
.6
78

U
S t

−
77
.2
33

−
70
.0
03

−
54
.4
04

−
59
.1
26

−
66
.3
14

U
H t

−
23
4.
44

−
70
.0
03

−
15
4.
45

−
15
3

−
14
3.
13

N
ot

es
:A

ve
ra

ge
s

fo
r

se
le

ct
ed

m
ac

ro
ec

on
om

ic
an

d
en

vi
ro

nm
en

ta
lv

ar
ia

bl
es

w
it

h
ϵ
=

1.
5.

17



Ta
bl

e
A

.1
2:

St
an

da
rd

de
vi

at
io

ns
(%

)-
C

ap
it

al
ad

ju
st

m
en

tc
os

ts

V
ar

ia
bl

e
BA

U
U

nc
.O

pt
.P

ol
ic

y
C

on
.O

pt
.P

ol
ic

y

R
eb

at
e

to
S

(ξ
=

0)
U

ni
fo

rm
R

ed
.

(ξ
=

γ
)

R
ed

.t
o

H
tM

(ξ
=

1)

lo
g
(Y

t)
3.
13

3.
08

3.
04

3.
05

3.
04

lo
g
(I

t)
5.
43

5.
23

5.
00

5.
06

5.
03

lo
g
(C

t)
2.
51

2.
49

2.
47

2.
49

2.
50

lo
g
(C

S t
)

2.
39

2.
49

2.
39

2.
37

2.
29

lo
g
(C

H t
)

3.
13

2.
49

2.
97

3.
08

3.
51

lo
g
(λ

H t
)

7.
19

0.
00

4.
79

6.
07

11
.2
9

lo
g
(τ

∗ t
)

0.
00

6.
36

5.
14

7.
09

11
.8
2

lo
g
(E

t)
2.
18

0.
81

0.
71

0.
62

0.
53

lo
g
(V

X t
)

5.
22

6.
36

5.
14

5.
14

4.
73

N
ot

es
:S

ta
nd

ar
d

de
vi

at
io

ns
fo

r
se

le
ct

ed
m

ac
ro

ec
on

om
ic

an
d

en
vi

ro
nm

en
ta

lv
ar

ia
bl

es
w

it
h
ϵ
=

1.
5.

18



Fi
gu

re
A

.6
:R

es
po

ns
es

to
TF

P
sh

oc
ks

-C
ap

it
al

ad
ju

st
m

en
tc

os
ts

0
1
0

2
0

3
0

0
.3

0
.4

0
.5

0
.6

0
.7

0
1
0

2
0

3
0

0
.2

0
.3

0
.4

0
1
0

2
0

3
0

0
.1

0
.1

5

0
.2

0
.2

5

0
1
0

2
0

3
0

0

0
.1

0
.2

0
.3

0
.4

0
1
0

2
0

3
0

-
1

-
0
.50

0
1
0

2
0

3
0

0
.2

0
.3

0
.4

0
.5

0
1
0

2
0

3
0

0
.2

0
.3

0
.4

0
1
0

2
0

3
0

0

0
.1

0
.2

0
.3

0
1
0

2
0

3
0

0
.0

1

0
.0

2

0
.0

3

0
.0

4

0
.0

5

0
1
0

2
0

3
0

0

0
.0

1

0
.0

2

0
.0

3

0
.0

4

0
1
0

2
0

3
0

0

0
.0

1

0
.0

2

N
ot

es
:I

m
pu

ls
e

re
sp

on
se

fu
nc

ti
on

s
(I

R
Fs

)o
fs

el
ec

te
d

va
ri

ab
le

s
to

a
1

st
an

da
rd

de
vi

at
io

n
(p

os
it

iv
e)

TF
P

sh
oc

k
w

it
h
ϵ
=

1.
5.

19


	Introduction
	Model
	Stock of GHGs and emissions
	Firm
	Households
	Government and market clearing

	Competitive equilibrium and decentralized economy
	Optimal carbon tax
	Unconstrained transfer policy
	Constrained transfer policy

	Quantitative model
	Calibration
	Optimal carbon tax and welfare implications
	Optimal carbon tax dynamics

	Sensitivity analysis
	Conclusion
	Appendices
	Sensitivity analysis

