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a b s t r a c t

This paper extends the Mirrlees (1971) model of optimal income redistribution with
optimal corrective taxes to internalize consumption externalities. Using general utility
structures and exploring both linear and non-linear taxes, it is demonstrated that the
optimal second-best tax on an externality-generating good should not be corrected
for the marginal cost of public funds, since it equals one in the optimal tax system.
In the optimum, distortions of income taxes are equal to marginal redistributional gains. If
the government does not have access to a non-distortionary marginal source of finance,
the marginal cost of public funds can be either larger or smaller than one depending on
subjective preferences for income redistribution. The optimal second-best corrective tax is
then either higher or lower than the Pigouvian level. The findings in this paper generalize
and amend prior results based on representative-agent models, shedding new light on the
weak double-dividend hypothesis, and on the welfare gains of recycling revenue from
environmental taxes.

& 2015 Elsevier Inc. All rights reserved.
Introduction

Pigou (1920) taught us that the optimal tax to address a negative environmental externality is equal to the marginal
external damage from the polluting activity. However, the optimality of the Pigouvian tax has been challenged by the theory
of second best. In particular, in the presence of distortionary taxes, the marginal environmental damage from pollution
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should be divided by the marginal cost of public funds to determine the optimal second-best corrective tax (Sandmo, 1975;
Bovenberg and van der Ploeg, 1994b). As the marginal cost of public funds typically exceeds one in the presence of pre-
existing tax distortions, the optimal second-best corrective tax should thus be set below the Pigouvian level (Bovenberg and
de Mooij, 1994). For example, if the social cost of carbon (SCC) were estimated at say $33 per tonne,1 the Pigouvian principle
would suggest that a carbon tax of $33 per tonne is optimal. However, with a marginal cost of public funds of say 1.3,
second-best theory would guide us to an optimal carbon tax of only $25 per tonne.

The notion that the optimal corrective tax should be adjusted for the marginal cost of public funds, as in Sandmo (1975)
and Bovenberg and van der Ploeg (1994b), is based on models that assume a representative agent.2 These models rule out
non-individualized lump-sum taxes to make the optimal-tax problem second best in nature, which is often justified by
referring to distributional issues. However, if all agents are identical, there are no distributional issues, and also no economic
reasons why non-individualized lump-sum taxes should be ruled out. Making second-best considerations meaningful thus
requires a model with heterogeneous agents.

This paper extends the analysis of optimal second-best corrective taxation by adopting a general model where agents
differ in their earnings ability, thus extending Mirrlees (1971) and Atkinson and Stiglitz (1976) to include environmental
externalities. Our model differs from the representative-agent models in two critical ways. First, individuals are
heterogeneous in their earnings ability, which is private information. The optimal-tax problem is second best as the
government cannot use individualized lump-sum taxes to redistribute income from high-ability to low-ability agents.
Second, in contrast to representative-agent models, the government may have access to a non-individualized lump-sum tax,
which is a non-distortionary marginal source of public finance. This instrument renders the marginal cost of public funds
equal to one in the optimum. Income taxes are still used as part of the optimal tax system, as they not only create
deadweight losses due to distortions in the labor market, but also welfare gains due to a more equal income distribution.
In the optimal tax system, these two effects on welfare exactly offset each other.

Allowing for heterogeneous agents and redistributional concerns changes the second-best result of an optimal corrective
tax being lower than the Pigouvian rate. Indeed, if the tax system is optimized, the corrective tax should not be adjusted for
the marginal cost of public funds. Intuitively, the marginal unit of tax revenue is valued equally by the government and the
private sector so that a better environmental quality does not compete with other public goods, such as income
redistribution or raising public revenue. We demonstrate that our main result – corrective taxes should not be adjusted
for the marginal cost of public funds – holds irrespective of whether taxes are linear or non-linear and for completely
general utility functions. We derive the properties on the utility function under which first-best Pigouvian tax rules for
externality-generating goods apply in second-best both for linear and non-linear tax systems. We also demonstrate that the
corrective non-linear tax is flat as long as marginal environmental damages are constant and preferences are weakly
separable between labor and other commodities. Finally, we present our optimal tax rules in terms of sufficient statistics,
i.e., elasticities, earnings distributions, and social welfare weights, which can be determined empirically.

To clearly disentangle the roles of, on one hand, agent heterogeneity and, on the other hand, non-individualized lump-
sum transfers, we solve the optimal linear tax structure for the special case where the government cannot optimize non-
individualized lump-sum transfers. We show that the marginal cost of public funds can then be either larger or smaller than
one, depending on whether the government redistributes too much or too little income. Hence, in such a constrained
second-best optimum, the optimal pollution tax might be either higher or lower than the Pigouvian level. The
representative-agent model, from which many results in the literature are derived, is then nested as the case where
distortionary taxes do not have any redistributional benefits. Indeed, the marginal cost of public funds then always exceeds
one, since it captures only efficiency losses and no distributional benefits of taxation.

Our findings also shed new light on the debate of the double dividend of green tax reforms, see also the reviews by
Goulder (1995), Bovenberg (1999), Sandmo (2000), and Schöb (2003). This literature explores whether an increase in
pollution taxes, while using the proceeds to cut distortionary labor taxes, can raise both environmental and non-
environmental welfare. In its ‘weak’ form, the double-dividend hypothesis compares the welfare effects of an environmental
tax reform where revenue is recycled through reductions in either distortionary or lump-sum taxes.3 A number of studies
have emphasized that the revenue-recycling effect of the reform renders a weak double dividend likely, because reducing
distortionary taxes is preferred to reducing non-distortionary lump-sum taxes, see e.g. Parry (1995) and Goulder et al.
(1997).

Our model shows that one should not only look at the revenue-recycling effect, but also account for the so-called
‘distributional effect’ that is associated with distortionary taxation. Whether a weak double dividend occurs depends on the
balance of the revenue-recycling and distributional effects. In the optimal tax system, the two exactly offset each other, so
that the revenue-raising capacity of corrective taxes does not make them useful to cut distortionary labor taxes. Indeed,
1 Estimates of the SCC show a wide range. A recent review by US government agencies (IAWG, 2013) arrives at an estimate of $33 in 2010, based on 2007
US dollars and a discount rate of 3 percent. However, some studies claim that the SCC are much higher (Stern, 2007).

2 See for surveys, e.g., Goulder (1995), Fullerton and Metcalf (1998), Bovenberg (1999), Sandmo (2000), Goulder and Bovenberg (2002), and Fullerton
et al. (2010).

3 The other, so-called ‘strong’ double dividend states that, relative to the initial equilibrium, an environmental tax reform increases both environmental
and non-environmental welfare. If the initial tax system is optimized from a non-environmental point of view, there can be no welfare gains from a non-
environmental perspective and, therefore, no strong double dividend. For a review of this literature, see the studies cited in footnote 2.
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labor-tax distortions are present for distributional reasons and the excess burden of labor taxation equals its distributional
gain in the optimal tax system. With the marginal cost of funds being one, cutting distortionary labor taxes does not raise
social welfare more than increasing lump-sum transfers. Only if deadweight losses exceed the distributional benefits of
labor taxes – which is always the case in representative agent models, since distributional gains are set to zero – will the
weak double dividend hold.

Before presenting our analysis, Section Contributions to the literature discusses in more detail how this paper contributes
to the existing literature on optimal second-best corrective taxes. Section Model presents the model. Section Optimal linear
taxation derives the optimal tax system under linear policy instruments, while Section Optimal non-linear taxation does the
same under non-linear instruments. Section Conclusions and policy implications discusses policy implications and
concludes. Step-by-step derivations of all results are available in the online Appendix to this paper.
Contributions to the literature

A large part of the literature on second-best corrective taxation uses representative-agent models to show that, in the
presence of distortionary taxes, the first-best Pigouvian tax is no longer the optimal corrective tax. Rather, the marginal
environmental damage from pollution should be divided by the marginal cost of public funds to obtain the optimal second-
best corrective tax (Sandmo, 1975; Bovenberg and van der Ploeg, 1994b). The reason is that corrective taxes distort the
composition of consumption from a non-environmental perspective, thereby exacerbating pre-existing distortions in the
labor market. Accordingly, the corrective tax should be set below the Pigouvian tax if the initial tax system is distortionary,
as it implies that the marginal cost of public funds exceeds one. In this connection, Bovenberg and de Mooij (1994, p.1085)
conclude: “In the presence of preexisting distortionary taxes, the optimal pollution tax typically lies below the Pigouvian
tax, which fully internalizes the marginal social damage from pollution”.

An extensive corrective-tax literature has expanded the analysis of second-best taxation within the representative-agent
framework. Most of this literature is discussed and summarized in Goulder (1995), Fullerton and Metcalf (1998), Bovenberg
(1999), Sandmo (2000), Goulder and Bovenberg (2002), and Fullerton et al. (2010). For example, some studies have
demonstrated that if the government fails to set optimal taxes, e.g. by letting fixed factors go untaxed, or by setting sub-
optimal non-corrective taxes, it is no longer clear in which direction the optimal second-best corrective tax should be
modified compared to the first-best Pigouvian tax, see, for example, Bovenberg and van der Ploeg (1994a), de Mooij and
Bovenberg (1998), Ligthart and van der Ploeg (1999), Parry and Bento (2000), and Bento and Jacobsen (2007). The literature
also provides examples in which markets fail (e.g. due to involuntary unemployment), see also Bovenberg and van der Ploeg
(1996), Koskela and Schöb (1999) and Holmlund and Kolm (2000). In this case, the modifications to the Pigouvian tax are
again ambiguous. Finally, Liu (2013) argues that, since some environmental taxes are more difficult to evade, a green tax
reform might simultaneously benefit the environment and reduce overall tax evasion.

The present paper belongs to the literature that extends the analysis of optimal second-best corrective taxation to a
heterogeneous-agent framework. Compared to earlier studies in this area, it contains at least five contributions. First, this
paper adds to Kaplow (2012). However, Kaplow does not look at optimal taxes but at tax reforms. He assumes that, when
corrective taxes are changed, the non-linear income tax schedule can always be adjusted to completely neutralize the
distributional impact of the corrective tax. By assuming weakly separable preferences between labor supply and other
commodities, such a benefit-absorbing tax change does not generate incentive effects on labor supply. Neither labor-tax
distortions nor distributional effects should thus affect the optimal corrective tax in second best.4

Kaplow's approach has a number of shortcomings, however. First, he must assume weakly separable preferences,
otherwise the benefit-absorbing change in the non-linear tax schedule need not be incentive compatible so that the tax
reform cannot be implemented, see also Laroque (2005), Gahvari (2006) and Jacobs (2009). Hence, Kaplow's approach
cannot be generalized to non-separable preferences. Second, while the tax system is sub-optimal to start with, Kaplow
assumes that the non-linear income tax schedule can be changed at each and every income level. This begs the question
why the government does not optimize the tax schedule in the first place. If there are indeed valid, but unspecified reasons
why non-linear tax schedules cannot be optimized, then for the same unspecified reasons it may not be feasible to
implement perfect benefit-absorbing tax changes. Finally, as a related point, Kaplow's analysis cannot be generalized to
linear tax schedules. The reason is that linear taxes cannot be perfectly tailored to neutralize all distributional effects of
corrective taxes. In the real world, tax systems are often restricted to be piece-wise linear, making the analysis of restricted
tax systems relevant.

This paper avoids all these restrictions by analyzing optimal corrective taxes with general preference structures, allowing
for both linear and non-linear tax schedules, and without adjusting the (linear or non-linear) tax schedules to fully
neutralize the distributional impact of corrective taxes. Our result that the optimal second-best corrective tax should not be
corrected for the marginal cost of public funds is similar to Kaplow (2012), but it does not require a benefit-absorbing tax
change in the non-linear tax schedule. Indeed, our finding relies on an envelope property that the distortionary costs and
the distributional benefits of taxes offset each other when the tax system is optimized. This also explains why our results do
4 Kaplow (2012) is related to the arguments provided in Kaplow (1996, 2004), Laroque (2005) and Gauthier and Laroque (2009), who analyze
distortionary taxation and optimal public goods provision (rather than externalities).
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not require any form of separability in the utility function, since the marginal cost of public funds remains one even when
preferences are non-separable. Moreover, we derive that the optimal corrective tax under linear instruments should
generally include the distributional impact of corrective taxes, but nevertheless does not need to be corrected for pre-
existing tax distortions. And, we show that the optimal linear corrective tax might be equal to the first-best Pigouvian tax.

Second, this paper follows Pirttilä and Tuomala (1997), Cremer et al. (1998), and Micheletto (2008) who also adopt an
optimal-tax approach with heterogeneous agents. Like these authors, we find that no correction of the Pigouvian rule is
needed with weakly separable preferences, even with labor-market distortions arising from redistributive income taxation.5

However, their optimal-tax rules are formulated in terms of incentive-compatibility constraints. This makes it difficult to
analytically derive general properties of optimal corrective tax schedules. In contrast, this paper follows Saez (2001) and
Jacobs and Boadway (2014) to obtain explicit and simple second-best non-linear tax expressions in terms of sufficient
statistics: elasticities, earnings distributions, and social welfare weights, which can all be linked to empirical estimates and
to the representative-agent models. This approach also enables us to analytically prove that the marginal cost of funds
equals one in the optimal non-linear tax system.6

A third contribution of this paper is relative to Pirttilä (2000), who analyzes optimal linear corrective and income taxes
with redistribution. Following Jacobs (2013), we use an economically more appealing definition for the marginal cost of
public funds than Pirrtillä, which is based on the social marginal value of income of Diamond (1975). In contrast to Pirttilä
(2000), we demonstrate that the marginal cost of public funds should not play a role in the optimal second-best policy rules
for corrective taxes. Moreover, we derive analytical characterizations for optimal linear income and corrective taxes, and the
conditions under which the optimal linear corrective tax corresponds to the first-best Pigouvian tax in second-best settings
with distortionary income taxation.

As a fourth contribution, this paper explores the robustness of our main findings to various modifications of the utility
function and to whether taxes are linear or non-linear. The literature has identified non-environmental reasons why the
optimal corrective tax might differ from the Pigouvian rule. First, commodity taxes should optimally be differentiated for
efficiency reasons if some commodities are more complementary to leisure than others, cf. Corlett and Hague (1953) and
Atkinson and Stiglitz (1976). In that case, corrective taxes may help to alleviate tax distortions in the labor market. Indeed,
West and Williams (2007) find evidence that gasoline is a relative complement to leisure, offering scope for such taxes to
exceed the Pigouvian rate. Second, when the income tax is restricted to be linear, the tax on polluting consumption can
optimally be used for distributional reasons alongside the income tax, cf. Atkinson and Stiglitz (1976) and Pirttilä (2000). If
polluting commodities are consumed relatively more by the poor, then the optimal corrective tax may be set below the
Pigouvian level. Proost and Mayares (2001) and Williams (2005), for example, use an applied framework to assess optimal
corrective taxes to serve distributional goals. Third, changes in environmental quality can either affect labor-supply
distortions or the distribution of income, thus further modifying the optimal corrective tax. For example, Williams (2002)
explores the role of interactions between environmental quality and labor supply through health and productivity effects.
Our analysis captures all these modifications and shows that the main result – no correction for the pre-existing tax
distortions – does not depend on specific assumptions regarding the utility function. The paper furthermore derives exact
conditions on the utility structure that ensure that the optimal second-best corrective tax equals the first-best
Pigouvian rule.

A final contribution of this paper is that it analyzes non-linear corrective taxes alongside the optimal non-linear income
tax. This allows us to explore the conditions under which a flat-rate Pigouvian tax is in fact optimal. The existing literature
has only looked at linear corrective taxes, which for many consumption goods is a necessary condition as individual
commodity purchases are not observed – making non-linear taxes impossible to implement. However, for a number of
important polluting consumption goods, such as domestic gas and electricity consumption, it is feasible to levy non-linear
taxes, because these commodities cannot easily be transported or stored so that arbitrage is difficult or even impossible. The
Netherlands, for instance, levies a non-linear energy tax based on an individual's domestic consumption of electricity and
gas.7 We show that flat-rate corrective taxes are optimal and equal to the Pigouvian tax if the social marginal damage of
consuming one unit of the polluting consumption good is constant across individuals and if preferences are weakly
separable between commodities and labor supply.
Model

This paper employs a static model that consists of heterogeneous individuals and a government. Individuals maximize
utility by supplying labor and consuming non-polluting (‘clean’) and polluting (‘polluting’) commodities. The government
maximizes social welfare by setting income taxes and corrective taxes on the polluting good. Without loss of generality, a
5 Cremer et al. (1998) assume that environmental quality is separable from other commodities. This paper allows environmental quality to enter utility
without imposing any form of separability, like in Pirttilä and Tuomala (1997).

6 This finding is similar to Jacobs and Boadway (2014) who demonstrate that the marginal cost of public funds is one under optimal non-linear income
and commodity taxation. Jacquet and Lehmann (2013) find the same when the government optimizes non-linear income and participation taxes.

7 In 2013, the Dutch government levies a graduated tax of 0.1862 euro/m3 for gas use below 170,000 m3 per year until 0.0115 euro/m3 for gas use
exceeding 10,000,000 m3 per year. Similarly, there is a tax of 0.1165 euro/kWh on electricity use below 10,000 kWh, which declines to 0.0005 euro for
businesses using more than 10,000,000 kWh per year. Moreover, there a tax credit of 319 euro for electricity, see Dutch Ministry of Finance (2013).



B. Jacobs, R.A. de Mooij / Journal of Environmental Economics and Management 71 (2015) 90–10894
partial-equilibrium setting is assumed in which prices are fixed.8 The model is introduced under the assumption of linear
policy instruments. Formally, the informational assumptions for this instrument set are that the government is able to
observe aggregate labor incomes and aggregate consumption of polluting goods. Later, this assumption is dropped by
allowing for non-linear instruments, which require observability of labor earnings and consumption of polluting goods at
the individual level.
Households

There is a total mass of individuals equal to N. Individuals may differ by a one-dimensional parameter nAN ¼ ½n;n�,
where n is used to denote the individual's earning ability (‘skill level’). All labor types are assumed to be perfect substitutes
in aggregate production. As a result, the wage rate per efficiency unit of skill is constant and normalized to unity. The density
of individual types is denoted by f(n) and the cumulative distribution function by F(n). All individual-specific variables are
indexed with subscript n.

Each individual n derives utility from clean commodities cn, polluting commodities qn, and a better environmental
quality E. In addition, the individual derives disutility from supplying labor ln. The utility function un is strictly quasi-concave
and identical across individuals:

un � uðcn; qn; ln; EÞ; uc;uq; �ul;uE40; ucc;ull;uqq;uEEo0; 8n: ð1Þ

The subscripts refer to the argument of differentiation, except where the subscript denotes ability n. All goods are assumed
to be non-inferior. It is assumed that the utility function satisfies the single-crossing conditions, which are needed to
implement non-linear taxes, see also Section Optimal non-linear taxation. In addition, we assume that the marginal utility
of income is decreasing.9 No further structure on the cross derivatives of the utility function is imposed and the specification
allows for general cross-substitution patterns between consumption of clean and polluting goods, labor supply and
environmental quality.

Households spend their net labor earnings and government transfers on consumption of clean and polluting goods. Gross
labor earnings nln are subject to tax rate t, polluting goods qn are subject to tax rate τ, and individuals receive a non-
individualized lump-sum transfer T (or pay a lump-sum tax if To0). The individual budget constraint therefore reads as
follows:

cnþð1þτÞqn ¼ ð1�tÞnlnþT ; 8n: ð2Þ

Given the presumed absence of non-labor incomes, the tax on the clean commodity is redundant, and, therefore, set to
zero.10 Each individual maximizes utility subject to their budget constraint. Consumption of polluting commodities causes a
classical negative externality in a manner that is outlined in detail below. Households thus take environmental quality E as
given when deciding on their consumption plans.

Optimal choices of labor and consumption are governed by the following first-order conditions:

�ul

uc
¼ 1�tð Þn; 8n; ð3Þ

uq

uc
¼ 1þτ; 8n: ð4Þ

The marginal rate of substitution between labor and consumption in Eq. (3) equals the net wage rate. A larger tax rate on
labor earnings induces substitution towards leisure. According to Eq. (4), the individual optimally decides upon the
allocation of resources between polluting and clean consumption goods. A higher corrective tax discourages the
consumption of polluting goods.

The indirect utility function is designated by vn � vðT ; t; τ; EÞ � uðĉn; q̂n; l̂n; EÞ, 8n, where hats denote optimized
consumption of each commodity and labor supply. Application of Roy's identity produces the following derivatives of the
indirect utility function: ∂vn=∂T ¼ λn, ∂vn=∂t ¼ �λnnln, ∂vn=∂τ¼ �λnqn, and ∂vn=∂E¼ λnuE=uc, 8n, where λn stands for the
private marginal utility of income.
8 Almost all of the papers in the literature fix the marginal rates of transformation between all commodities at one. Hence, all prices are constant, and
allowing for general equilibrium provides no additional insights, see e.g., Bovenberg and de Mooij (1994) and Bovenberg and van der Ploeg (1994b).
Moreover, our partial-equilibrium results fully generalize to general-equilibrium settings with non-constant prices, since optimal second-best tax rules in
general equilibrium are identical to the ones in partial equilibrium as long as there are constant returns to scale in production and all labor types are perfect
substitutes, see also Diamond and Mirrlees (1971).

9 Decreasing marginal utility of income is not automatically implied by the assumption ucco0. For example, the marginal utility of income is constant
and equal to one when the utility function is weakly separable in commodities, i.e. u υðcn; qnÞ; ln ; E

� �
, and sub-utility υðcn ; qnÞ is linear homogenous. See also

Corollary 2.
10 Fullerton (1997) shows that the alternative normalization with a zero labor tax raises the optimal commodity taxes on clean and polluting

consumption in a uniform way (which is equivalent to an income tax).
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Environmental quality

Environmental quality (E) is modeled as a pure public good. It is specified as a linear function of aggregate consumption
of polluting goods:

E� E0�αN
Z
N
qn dFðnÞ; E0;α40; ð5Þ

where E0 denotes the exogenously given initial stock of environmental quality. The linearity of the specification for
environmental quality is without loss of generality, since the utility function features diminishing marginal utility of
environmental quality. The latter assumption ensures increasing social marginal damages from pollution. Alternatively, one
can also interpret Eq. (5) as the production technology of environmental quality.

Government

The government maximizes a Bergson–Samuelson social welfare function, which is a sum of concave individual utilities:

N
Z
N
Ψ ðunÞ dFðnÞ; Ψ 0ðunÞ40; Ψ 00ðunÞr0: ð6Þ

If Ψ 0 unð Þ ¼ 1, the social welfare function is utilitarian. If Ψ 0 unð Þ ¼ 0, except for the lowest skill level, the social welfare
function is Rawlsian.

Total tax revenues from the labor-income tax and the corrective tax should be equal to total outlays on non-
individualized transfers NT , and an exogenous revenue requirement R:

N
Z
N
ðtnlnþτqnÞ dFðnÞ ¼NTþR: ð7Þ
Optimal linear taxation

The Lagrangian for maximizing social welfare is given by (where the whole expression has been divided by the
population size N to save on notation)

max
fT ;t;τ;Eg

L�
Z
N
Ψ vn T ; t; τ; Eð Þð Þ dF nð Þ

þη
Z
N

tnlnþτqn
� �

dF nð Þ�T�R
N

� �
�μ

E�E0
N

þα
Z
N
qndF nð Þ

� �
: ð8Þ

The Lagrange multiplier η denotes the marginal social value of public resources and the Lagrange multiplier μ denotes the
marginal social cost per capita (measured in social welfare units) of providing a better environmental quality E. The
optimization program (8) is solved for the optimal linear tax on labor income t, the linear pollution tax τ and the non-
individualized lump-sum transfer T.

Most papers in the literature substitute for the environmental technology (5) in the indirect utility function. In our
formulation environmental quality E is treated as a separate control variable, while the environmental technology is added
as a separate constraint in the optimization procedure. Mathematically, our formulation is equivalent to the standard
approach.11 However, our formulation avoids complex optimal-tax expressions, because the multiplier μ comprises all the
distributional and labor-market effects of changes in environmental quality. One can in principle uncover the full optimal-
tax expressions by using the first-order condition for E to eliminate the multiplier μ in the other first-order conditions. As a
final note, treating E as a separate control variable does not imply that we implicitly assume that the government has an
extra policy instrument – besides corrective taxes – to steer the environmental quality.

The first-order conditions for an optimal allocation are given by

∂L
∂T

¼
Z
N

Ψ 0λn�ηþηtn
∂ln
∂T

þ ητ�αμ
� �∂qn

∂T

� �
dF nð Þ ¼ 0; ð9Þ

∂L
∂t

¼
Z
N

�nlnΨ
0λnþηnlnþηtn

∂ln
∂t

þ ητ�αμ
� �∂qn

∂t

� �
dF nð Þ ¼ 0; ð10Þ
11 To see this formally, denote by x the vector of all the policy variables, Wðx; EÞ the social welfare function, gðxÞ ¼ 0 the government budget constraint,
and kðEÞ ¼ 0 the environmental technology. Then, the problem analyzed in (8) can be written in compact form as maxx;E Wðx; EÞ , s.t. gðxÞ ¼ 0, kðEÞ ¼ 0.
However, by inverting the environmental technology, we can write E¼ k�1ð0Þ, and substitute this in the objective function to obtain the following
maximization problem: maxx Wðx; k�1ð0ÞÞ, s.t. gðxÞ ¼ 0. Clearly, both approaches are mathematically equivalent.
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∂E

� �
dF nð Þ ¼ 0; ð12Þ

where the derivatives of the indirect utility function are used in each expression.12

In the rest of this section, the optimal income tax, the optimal corrective tax and the optimal provision of environmental
quality are derived by employing the Slutsky equations for labor supply, demand for polluting commodities, and demand for
environmental quality: ∂ln=∂t ¼ ∂lnn=∂t�nln∂ln=∂T , ∂qn=∂t ¼ ∂qn

n=∂t�nln∂qn=∂T , ∂ln=∂τ¼ ∂lnn=∂τ�qn∂ln=∂T , ∂qn=∂τ¼ ∂qn
n=∂τ�

qn∂qn=∂T , ∂ln=∂E¼ ∂lnn=∂EþðuE=ucÞ∂ln=∂T , and ∂qn=∂E¼ ∂qn
n=∂EþðuE=ucÞ∂qn=∂T . The asterisks denote the compensated

changes of the demand and supply functions. To compute the income effect of the change in environmental quality,
Wildasin (1984) shows (for ordinary public goods) that uE=uc measures the marginal change in (virtual) income when
environmental quality improves by one unit.

Definitions

This subsection introduces a number of definitions in order to facilitate the rewriting of the first-order conditions (9)–
(12) for the optimal taxes and the optimal level of environmental quality. First, the marginal cost of public funds (MCF) is
defined as the ratio between social marginal value of one unit of public income (η) and the average of the social marginal
value of one unit of private income. The literature distinguishes two ways to measure the latter. The traditional literature on
the marginal cost of public funds generally takes Ψ 0λn as a measure for the social marginal value of private income of
individual n, see, for example, Pirttilä (2000).

Definition 1. The traditional measure for the marginal cost of public funds (MCF0 ) is defined as

MCF0 � ηR
NΨ

0λn dFðnÞ
: ð13Þ

Jacobs (2009) and Jacobs (2013) demonstrate, however, that this traditional definition of the marginal cost of public
funds suffers from three defects. First, the traditional marginal cost of public funds for (non-individualized) lump-sum taxes
is generally not equal to one in the optimal tax system, even though lump-sum taxes are non-distortionary. Second, the
traditional marginal cost of public funds for the distortionary labor income tax is not directly related to the excess burden of
the tax (in the absence of distributional concerns). This is because the marginal cost of public funds for the distortionary tax
increases in the uncompensated elasticity of labor supply, rather than the compensated elasticity, which determines the
excess burden. Hence, the marginal cost of public funds of the distortionary tax could even be smaller than one if there is a
backward-bending labor-supply curve, cf. Atkinson and Stern (1974) and Ballard and Fullerton (1992). Third, the traditional
marginal cost of public funds measure is sensitive to the normalization of the tax system. Indeed, for identical allocations
the marginal cost of public funds for the lump-sum tax switches from a number smaller than one to a number larger than
one if, respectively, the labor tax or the consumption tax is normalized to zero. In addition, at identical allocations, the
marginal cost of public funds of a consumption tax is always larger than the marginal cost of public funds of an income tax.

These properties render the traditional marginal cost of public funds less useful for both theory and applied analysis.
Fortunately, these problems disappear if the income effects on taxed bases and environmental welfare are included in the
definition of the marginal social value of private income, as Diamond (1975) proposes. Intuitively, the social value of a
marginal unit of private income should capture all income effects associated with transferring that unit from the public to
the private sector. Hence, the social value of private income should not only include the direct effect on private utility (Ψ 0λn)
but also the indirect (income) effects of transferring one unit of income between the government and the private sector.

Definition 2. The social marginal value of transferring a marginal unit of income to individual n is

λnn �Ψ 0λnþηtn
∂ln
∂T

þ ητ�αμ
� �∂qn

∂T
: ð14Þ

λnn gives the net increase in social welfare (measured in social utils) of transferring a marginal unit of resources to person
n. It consists of four elements, captured by the respective terms on the right-hand side of (14). First, when the individual
receives a marginal unit of income his private welfare rises by λn, and social welfare thus increases by Ψ 0λn. This is the
traditional measure of the social value of private income. Second, an individual receiving a marginal unit of income reduces
labor supply as long as leisure is a normal good. If labor income is taxed (t40), lower labor supply reduces tax revenues.
This results in a change of social welfare by ηtn∂ln=∂T . Third, by receiving a marginal unit of income, the individual consumes
12 We always assume that the solution to the optimal tax problem is interior and that second-order conditions are met.
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more polluting commodities if the polluting commodity is a normal good. If polluting commodities are taxed (τ40), the
government receives more revenues, and social welfare expands by ητ∂qn=∂T . Finally, the social value of a unit of private
income should subtract the value of the larger environmental damage arising from a larger demand for polluting
commodities, as represented by αμ∂qn=∂T .

Our preferred definition of the marginal cost of public funds, which we will use in the remainder of this paper, employs
the social marginal value of private income according to (14).

Definition 3. The Diamond-based measure for the marginal cost of public funds is

MCF� η

λ
n
¼ ηR

NΨ
0λnþηtn

∂ln
∂T

þ ητ�αμ
� �∂qn

∂T
dF nð Þ

; ð15Þ

where λ
n � RN λnndFðnÞ.

To derive the optimal income tax t, the optimal corrective tax τ, and the provision of environmental quality E, the
Feldstein (1972) distributional characteristics of the income tax, the corrective tax and environmental quality are
introduced.

Definition 4. The distributional characteristics of labor income ξl, polluting goods consumption ξq, and environmental
quality ξE are

ξl � �
R
N λ

n

nzn dFðnÞ�
R
N λ

n

n dFðnÞ
R
N zn dFðnÞR

N λ
n

n dFðnÞ
R
N zn dFðnÞ

¼ �
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h i
λ
n

z
40; ð16Þ
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; ð17Þ
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dF nð Þ�RN λnn dF nð ÞRNuE
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dF nð ÞR

N λ
n

n dF nð ÞRNuE

uc
dF nð Þ

¼ �
cov λnn;
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� �
λ
nuE

uc

; ð18Þ

where z � RN zn dFðnÞ, q � RN qn dFðnÞ and uE=uc �
R
NuE=uc dFðnÞ.

ξl corresponds to (minus) the normalized covariance of earnings of individual n (zn), and the net social welfare weight λnn
of individual n. ξl measures the marginal gain in social welfare (in monetary equivalents), expressed as a fraction of taxed
labor income, of marginally increasing revenue with the labor tax. The distributional characteristic is positive because the
covariance between labor earnings and welfare weights is negative. Individuals with higher incomes feature lower welfare
weights because of diminishing social marginal utility of income. This is caused by diminishing private marginal utility of
income and the concavity of the social welfare function. A positive distributional characteristic ξl therefore implies that
taxing labor income yields distributional benefits. A stronger social preference for redistribution increases the distributional
characteristic. Similarly, more pre-tax inequality in labor earnings raises the demand for redistribution.

Equivalently, ξq is (minus) the normalized covariance of polluting consumption qn, and the net social welfare weights λnn .
ξq gives the marginal gain in social welfare (in monetary equivalents), expressed as a fraction of polluting consumption, of
marginally raising revenue with the pollution tax. Generally, this normalized covariance cannot be signed, since it depends
on how the demand for polluting commodities covaries with the social welfare weights. If individuals with a high ability
(low ability) consume relatively more from the polluting good, the distributional characteristic is positive (negative), i.e.,
ξq40 (ξqo0).

The distributional characteristic of the environmental quality ξE is defined as the normalized covariance between the
social marginal value of private income λnn and the marginal willingness to pay for the environment uE=uc. If mainly high-
ability (low-ability) types benefit from a better environmental quality, then ξE40 (ξEo0).

All distributional characteristics reach a maximum of one with the strongest possible distributional concerns, i.e., if the
government has Rawlsian social preferences. Distributional characteristics are zero when the government is not interested
in redistribution and attaches the same welfare weight λnn to all n. Similarly, the distributional characteristics are zero if
there is no inequality in labor earnings zn (ξl ¼ 0), demand for polluting goods qn (ξq ¼ 0) or the willingness to pay for a
better environment uE=uc (ξE ¼ 0).

Finally, we introduce the compensated elasticities of labor supply and polluting commodities with respect to the policy
instruments.
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Definition 5. The compensated elasticities of labor supply and polluting commodity demand with respect to the income
tax, the corrective tax and environmental quality are defined as

εlt �
∂lnn
∂t

1�t
ln

o0; εqt �
∂qn

n

∂t
1�t
qn

; εlτ �
∂lnn
∂τ

1þτ
ln

; εqτ �
∂qn

n

∂τ
1þτ
qn

o0; εlE �
∂lnn
∂E

E
ln
; and εqE �

∂qn
n

∂E
E
qn
:

The direct tax elasticity of labor supply εlt is unambiguously negative, i.e., higher taxes reduce labor supply due to
substitution of consumption for leisure. The cross-tax elasticity of polluting consumption cannot be signed. If εqt40 (o0),
higher income taxes will stimulate (discourage) compensated demand for polluting consumption. The direct tax elasticity of
polluting consumption, εqτ , is unambiguously negative. However, the cross-elasticity of labor supply cannot be signed. If
polluting goods consumption reduces labor supply, higher corrective taxes will encourage labor supply (εlτ40), while if
polluting goods consumption boosts labor supply, corrective taxes will discourage work effort (εlτo0).13 If improvements in
environmental quality raise (reduce) compensated labor supply, εlE40 (εlEo0) is obtained. Similarly, if compensated
demand for polluting commodities increases (decreases) with a higher environmental quality, εqE40 (εqEo0) is found.

First-best

To interpret the optimal second-best policy rules, it is useful to derive the first-best outcome. The first-best allocation
could be achieved if the government has access to individualized lump-sum taxes. The government would then organize all
redistribution through individualized lump-sum taxes until all social marginal welfare weights λnn are equalized.
Consequently, all redistributional characteristics ξ would become equal to zero. Hence, the government does not rely on
any distortionary taxes, and the marginal cost of public funds would be equal to one.

Proposition 1 (First-best optimum). In first best all redistribution occurs through individualized lump-sum taxes, the marginal
income tax rate is set to zero (t ¼ 0), the marginal cost of public funds equals unity (MCF¼1), and the optimal corrective tax
satisfies the first-best Pigouvian tax rate:

τ¼ αμ

λ
n
: ð19Þ

Moreover, the Pigouvian tax sustains a first-best level of environmental quality:

N
Z
N

uE

uc
dF nð Þ ¼ μ

η
: ð20Þ

Proof. Set all social welfare weights equal to η (λnn ¼Ψ 0λn ¼ η), then (10)–(12) yield the results. □

Eq. (19) reflects the first-best Pigouvian tax, which equals αμ=λ
n

. μ is the social cost measured in social welfare units of
reducing aggregate polluting consumption by one unit. By dividing through λ

n

, the average social marginal value of private
resources, this utility cost is converted into monetary equivalents. A reduction of aggregate polluting consumption by one
unit improves the quality of the environment by α. Hence, αμ=λ

n

corresponds to the marginal external cost of one unit of
aggregate consumption of polluting commodities.

Eq. (20) is the uncorrected Samuelson rule for environmental quality stating that the sum of the marginal rates of
substitution should be equal to the marginal rate of transformation of providing a better environment. μ=η increases if
environmental quality is more costly to produce in terms of reducing the consumption of polluting goods.

In order to relate our findings to the earlier literature we subsequently discuss two separate cases. The first case derives
the full optimum in second-best, where the government can optimize all its policy instruments, i.e., where first-order
conditions (9)–(12) hold simultaneously. The second case derives a constrained optimum in second best, where non-
individualized lump-sum taxes are ruled out from the instrument set of the government, i.e. first-order condition (9) might
not hold, but (10)–(12) do. These cases allow us to fully trace the role of our two key assumptions: (i) allowing for non-
individualized lump-sum taxes and (ii) allowing for heterogeneous agents.

Second-best – full optimum

Armed with the Diamond-based measure of the marginal cost of public funds in definition (3), the main proposition of
the paper can be established. Each part of the proposition will be interpreted in the sub-sections that follow.

Proposition 2 (Second-best full optimum). The policy rules for the optimal transfer, income tax, pollution tax and environ-
mental quality are given by

MCF¼ 1; ð21Þ
13 The ambiguity in sign of all cross-elasticities is formally derived in the appendix of Jacobs and de Mooij (2011).
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where γn � ð1þτÞqn=ðð1�tÞnlnÞ is the net expenditure share of polluting commodities in net labor income,
γ � R

N γnnln dFðnÞ
� 	 R

N nln dFðnÞ
� 	�1 denotes the income-weighted average of γn, δ� ð1�tÞRN nln dF nð Þ=E measures the ratio

of net labor income to environmental quality, and εxj �
R
N εxjnln dFðnÞ

� 	 R
N nln dFðnÞ

� 	�1 is the income-weighted average of
the elasticity εxj, x¼ l; q, j¼ t; τ; E.

Proof. Substituting Definition 3 for MCF in the first-order condition of the lump-sum transfer in Eq. (9) yields (21).
Substituting the Slutsky equations and the distributional characteristic (16) into the first-order condition for the income tax
in Eq. (10), using the definitions for the elasticities, using (21), and rearranging the resulting equation yields (22).
Substituting the Slutsky equations and the distributional characteristic (17) into the first-order condition for the commodity
tax in Eq. (11), using the definitions for the elasticities, using (21), and rearranging the resulting equation yields (23).
Substituting the Slutsky equations and the distributional characteristic (18) into the first-order condition for environmental
quality in Eq. (12), using the definitions for the elasticities, using (21), and rearranging the resulting equation yields (24). □

Optimal non-individualized transfers
Eq. (21) governs the optimality condition for the non-individualized lump-sum transfer. If the government has access to

this non-distortionary marginal source of public finance, the marginal cost of public funds is one in the optimal tax system.
In the optimum, the marginal value of resources is equalized in the public and private sector. Hence, a marginal shift of
resources from the private to the public sector does not raise social welfare.

Representative-agent models generally exclude non-individualized transfers to make the optimal-tax problem second
best. With heterogeneous agents there is no need to do so to obtain a second-best optimal-tax problem. Proposition 1 shows
that this has important consequences.

Optimal income tax
Eq. (22) equates distributional benefits (ξl) of higher income taxes, on the left-hand side, with the marginal deadweight

loss of the income tax on the right-hand side. If income taxes yield large distributional gains (large ξl), the optimal income
tax is high. The marginal deadweight loss consist of distortions in labor supply (�ðt=ð1�tÞÞεlt ) and distortions in commodity
demands (�ððτ�αμ=λ

nÞ=ð1þτÞÞγεqt ). The deadweight loss of the income tax falls with the compensated labor supply
elasticity (�εlt ). If the demand for polluting goods falls with a larger labor tax (γεqt o0), the income tax helps to internalize
the environmental externality, and should be set higher as long as the corrective tax is below the Pigouvian tax (τoαμ=λ

n

).
However, if the corrective tax is above the Pigouvian tax (τ4αμ=λ

n

), a higher income tax exacerbates the non-
environmental distortion in consumption, and should be set lower as a result. If γεqt 40, the opposite reasoning holds.

In the full tax optimum, the marginal cost of public funds is equal to one. Hence, the government only introduces
distortions for redistributive or environmental reasons, since all revenue could be raised with non-distortionary taxes. In the
optimal tax system, the marginal excess burden of distortionary income taxes, on the right-hand side of (22), is exactly
compensated by the social marginal benefits of redistribution, on the left-hand side of (22). When the government does not
want to redistribute income (ξl ¼ 0), and the environmental tax is set at the Pigouvian level (τ¼ αμ=λ

n

), then it is optimal
not to distort labor supply at all. Intuitively, the distortionary income tax is not required to raise revenue or correct for
externalities if non-distortionary lump-sum taxes and corrective Pigouvian taxes are available as well.

Modified Pigouvian tax
In analogy to the modified Samuelson rule for the optimal provision of public goods (Atkinson and Stern, 1974), the

optimal second-best corrective tax from (23) is labeled the modified Pigouvian tax. Eq. (23) equates the distributional
benefits of the corrective tax (ξq) on the left-hand side with the marginal deadweight losses of the corrective tax on the
right-hand side. The modified Pigouvian tax increases when it serves as a redistributive device, i.e., if polluting goods are
mainly consumed by the high-ability types (i.e., when ξq is positive and large). The efficiency costs consist of the marginal
deadweight loss in labor supply �ðt=ð1�tÞÞεlτ=γ , and the marginal deadweight loss in the demand for polluting goods
�ððτ�αμ=λ

nÞ=ð1þτÞÞγεqτ=γ40. Corrective taxes should be set lower (higher) when they reduce (boost) compensated labor
supply, i.e., εlτ o0 ðεlτ 40Þ. Intuitively, corrective taxes then exacerbate (alleviate) labor-market distortions.

The optimal corrective tax is not corrected for the marginal cost of public funds, since the latter equals one. Hence, a
better environmental quality does not compete with other public goods (income redistribution or revenue raising).
Distortions in polluting commodity demands are introduced only if they contribute to redistribution (ξq), internalizing
externalities (αμ=λ

n

) or alleviating labor-supply distortions (εlτ a0, t40).
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Modified Samuelson rule
Eq. (24) gives a modified Samuelson rule for the provision of the environmental public good.14 The left-hand side of

Eq. (24) indicates the benefits of a cleaner environment. It is equal to the sum of the marginal rates of substitution between
environmental quality and consumption, i.e., the sum of the marginal willingness to pay for a cleaner environment. The
difference with the ordinary Samuelson rule in (20) is that distributional characteristic of environmental quality deflates
(inflates) the marginal benefits if mainly the rich (poor) benefit from a better environmental quality, i.e., when ξE40
(ξEo0). The right-hand side of Eq. (24) gives the marginal cost of a cleaner environment. In the optimum, MCF¼1, so that
the right-hand side does not feature a correction for the marginal cost of public funds. Consequently, tax distortions do not
lead to a lower provision of environmental quality.

As in (20), the first term on the right-hand side, μ=η, reflects the marginal rate of transformation of producing
environmental quality. The second and third terms on the right-hand side of (24) reflect the direct impact of changes in the
public good of environmental quality on, respectively, labor supply and polluting consumption, cf. Atkinson and Stern (1974)
and Jacobs (2013) for ordinary public goods. If a better environmental quality reduces (increases) compensated labor supply,
i.e., εlE o0 (εlE 40), the marginal cost of providing a better environment increases (decreases) as long as labor income is
taxed. In that case, the government loses (gains) tax revenues from the labor tax if the quality of the environment improves.
Similarly, if a better environment would reduce (increase) the compensated demand for polluting commodities, i.e., γεqE o0
(γεqE 40 ), the marginal cost of providing a better environment increases (decreases) if environmental externalities are
more (less) than fully internalized by the corrective tax, i.e., τ�αμ=λ

n

40 (τ�αμ=λ
no0).
Conditions for first-best rules in second-best

An important special case can be derived where the optimal corrective tax in the second-best equals the first-best
expression for the Pigouvian tax. This case most clearly illustrates our main result.

Corollary 1. If preferences are given by

un � υðcn; qnÞ�hðlnÞþΓðEÞ; υc;υq;h
0;Γ040; υcc;υqq; �h00;Γ00o0; 8n; ð25Þ

where υ :ð Þ is a linear homogeneous sub-utility function over clean and polluting commodities, then the modified Pigouvian tax
equals the first-best Pigouvian tax, τ¼ αμ=λ

n

, and environmental quality follows the first-best Samuelson rule,
N
R
N ðuE=ucÞ dFðnÞ ¼ μ=η.

Proof. Marginal utility of income is constant, due to the linear homogeneity of υ �ð Þ, which follows from substitution of the
first-order condition uq=uc ¼ 1þτ in the definition for λn ¼ uc. Therefore, uE=uc is constant, so that ξE ¼ 0, cf. (18).
Furthermore, εlt ¼ γnεlτ , which follows from totally differentiating the first-order conditions (3), (4), and the utility function
(1), and setting the change in utility to zero in order to find the compensated elasticities. Finally, it can be derived thatR
N ð1�λnnÞðð1þτÞ=ð1�tÞÞqn dFðnÞ ¼

R
N ð1�λnnÞγnnln dFðnÞ, since ð1þτÞqn=ðð1�tÞnlnþTÞ is constant with homothetic prefer-

ences and using the first-order condition for T from (9). Substitution of these results in the first-order conditions – Eqs. (10)
and (12) – proves the proposition. □

The preferences given in Eq. (25) are quasi-linear in total real consumption υ �ð Þ, and income effects in labor supply are
absent. Due to the homotheticity of sub-utility υ �ð Þ, taxing polluting commodities has no distributional advantage over
taxing labor income. Intuitively, consumption of polluting commodities is proportional to labor income. Hence, taxing
polluting goods at a higher rate than the Pigouvian tax yields no distributional gains but, compared to the tax on labor
income, results in larger distortions in the composition of consumption, thereby harming non-environmental welfare.
Similarly, corrective taxes cannot be used to alleviate tax distortions in labor supply, since both clean and polluting goods
are equally complementary to leisure. Thus, the consumption tax imposes the same distortions on labor supply as the
income tax, while it introduces additional distortions in the optimal composition of consumption. These distortions can be
avoided by not taxing polluting commodities at a different rate than the Pigouvian rate. Finally, the absence of income
effects ensures that labor supply is independent from environmental quality and that the marginal valuation of
environmental quality is the same for all individuals. Hence, environmental quality is neither used to alleviate labor-
market distortions nor to improve upon the income distribution. Naturally, optimal allocations differ between first-best and
second-best settings.

The restrictions on preferences in Eq. (25) are similar to those in Bovenberg and van der Ploeg (1994b). Using a
representative-agent framework, however, they find that the optimal second-best Pigouvian tax should be corrected for the
marginal cost of public funds and, therefore, is lower than the Pigouvian tax in the presence of distortionary taxes. This
paper shows that this correction disappears when distortionary taxes are optimized to satisfy distributional concerns.
14 Eq. (24) can be used to solve for μ, which can be substituted in the expressions for the optimal income and corrective taxes. This demonstrates that μ
absorbs the complex distributional and labor-market effects of a change in environmental quality E.
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Second-best constrained optimum

As explained earlier, representative-agent models generally exclude non-individualized lump-sum taxes to make the
optimal tax problem second best, usually by referring to distributional concerns. However, these are absent if every agent
is the same. Consequently, there are no reasons to introduce tax distortions as all revenue could be raised with non-
distortionary, non-individualized lump-sum taxes. This paper explicitly allows for redistributional concerns by considering
heterogeneous agents. In doing so we do not need to rule out non-individualized lump-sum transfers to make the problem
second-best. Yet, one may wonder to what extent the results in Proposition 1 are driven by (i) the introduction
heterogeneous agents giving rise to distributional concerns or (ii) allowing for the non-individualized lump-sum transfer
in the instrument set of the government. To explore this issue, the next proposition derives the marginal cost of public funds
and the optimal policy rules when the government cannot optimize the lump-sum tax. Hence, first-order condition (9)
might not hold and the government solves the system (10)–(12) for a given, and possibly sub-optimal level of transfers.

Proposition 3 (Second-best constrained optimum). When the government cannot optimize non-individualized lump-sum
transfers, the policy rules for the optimal income tax, pollution tax and environmental quality are given by
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Proof. Substituting the Slutsky equations and the distributional characteristic (16) into the first-order condition for the
income tax in Eq. (10), using the definitions for the elasticities and rearranging the resulting equation yields (10).
Substituting the Slutsky equations and the distributional characteristic (17) into the first-order condition for the commodity
tax in Eq. (11), using the definitions for the elasticities and rearranging the resulting equation yields (27). Substituting the
Slutsky equations and the distributional characteristic (18) into the first-order condition for environmental quality in
Eq. (12), using the definitions for the elasticities and rearranging the resulting equation yields (28). □

Marginal cost of public funds
Again, to understand the optimal policy rules in Proposition 3, it is important to discuss the marginal cost of public funds.

By rewriting the optimal income tax (26), the marginal cost of public funds in the constrained second-best optimum can be
written as

MCF¼
1�ξl�

αμ=λ
n

1þτ
�γεqt
� �

1� t
1�t

�εltð Þ� τ
1þτ

�γεqt
� �≷1: ð29Þ

The marginal cost of public funds in Eq. (29) depends on three main factors. First, it increases with the deadweight cost of
the tax, measured by term in the denominator, i.e. t=ð1�tÞ �εltð Þþτ=ð1þτÞ �γεqt

� �
, which is the sum of the excess burdens

in the labor market and the goods market. Second, the marginal cost of public funds decreases if income taxation produces
larger distributional benefits, i.e., when ξl40 is larger. Third, the marginal cost of public funds decreases (increases) if
income taxes generate environmental benefits (costs) by affecting the demand for polluting goods, i.e., when �γεqt 40
(�γεqt o0). Expression (29) clearly demonstrates that allowing for heterogeneous agents is important. In representative-
agent models, the exclusion of non-individualized lump-sum transfers generally implies MCF41, reflecting the excess
burden of taxation. With heterogeneous agents, however, this is no longer true. Indeed, the presence of distributional (and
possible environmental) benefits of distortionary taxes may render the marginal cost of public funds either larger or smaller
than one. See also Jacobs (2013). Intuitively, the marginal cost of public funds reflects the ratio between the social marginal
benefits and the total net social costs of raising an additional euro. The latter increase in deadweight losses, but are reduced
when there are more favorable effects on the income distribution and the environment.

To see more clearly why the marginal cost of public funds can be either smaller or larger than one, suppose that the
corrective tax is set at the Pigouvian level (τ¼ αμ=λ

n

). Then, if the distributional benefits ξl of the income tax are larger
(smaller) than the marginal excess burden t=ð1�tÞ �εltð Þ, tax systems redistribute too little (much) income, and the
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marginal cost of public funds is smaller (larger) than one. Only if distributional gains exactly equal the deadweight loss (i.e.,
ξl ¼ t=ð1�tÞ �εltð Þ), will the marginal cost of funds be equal to one. This is the case when non-individualized lump-sum
transfers would – coincidentally – be set at its optimal level.

In order to calculate the marginal cost of public funds in constrained (or sub-optimal) tax systems one needs explicit
measures of the distributional benefits of taxes. If economists wish to refrain from making intrinsically political statements
regarding the social benefits of income redistribution, they should not make statements whether the marginal cost of public
funds is larger or smaller than one, for a given level of social transfers. Indeed, if an economist claims that the marginal cost
of public funds of the tax system is in fact larger (smaller) than one, he/she implicitly reveals a political preference for less
income redistribution, since the marginal cost of public funds is larger (smaller) than one only if the government
redistributes too much (little) income.

Applied policy economists should probably resort to Becker (1983)'s efficient redistribution hypothesis, which argues
that the political system exhausts all opportunities to gain voters. Hence, tax systems would indeed be optimized from a
political point of view, which, of course, does not need to coincide with a neatly behaved social welfare function adopted by
the fictitious benevolent planner in the current paper. Nevertheless, also in that case one can argue that the deadweight
losses should be equal to the distributional – or, more correctly, political – gains of distortionary taxes and the marginal cost
of public funds would again be equal to one in the full tax optimum.

Optimal policy rules
There are two fundamental differences between Propositions 2 and 3. The first is that the marginal cost of public funds

enters the expressions for the optimal income tax in Eq. (26), the optimal pollution tax in Eq. (27), and the modified
Samuelson rule in Eq. (28). (1�1=MCF) in the optimal tax expressions (26) and (27) is a revenue raising term, which is
generally referred to as the Ramsey term. If tax revenue makes taxes valuable – as indicated by a high MCF – then the
government optimally introduces larger distortions of income taxes and pollution taxes. The Ramsey term (1�1=MCF)
vanishes when the government can also optimize non-individualized lump-sum taxes, since MCF¼1 in that case. Intuitively,
the non-individualized lump-sum tax is targeted at revenue raising (at the margin) and no distorting income taxes or
pollution taxes are required for that purpose.

A second important difference is that both the distributional gains of the income and pollution taxes (ξl and ξq) and the

social marginal damage of polluting goods consumption (αμ=λ
n

) are now divided by the marginal cost of public funds
(MCF). Intuitively, when the marginal cost of public funds is larger than one, the government sacrifices both on income
redistribution and environmental quality in order to raise more revenue. Hence, the public goods of income redistribution
and providing a clean environment directly compete with the public good of raising revenue. However, if the marginal cost
of funds is smaller than one, the public goods of income redistribution and providing a clean environment do not compete
but are complementary with raising revenue.

That the external cost of pollution, αμ=λ
n

, is deflated with the marginal cost of public funds if the government has no access
to non-individualized lump-sum taxes is well-known from the papers in the representative-agent literature, see for example
Sandmo (1975) and Bovenberg and van der Ploeg (1994b). These models have emphasized that, since MCF41, pre-existing tax
distortions push the optimal second-best corrective tax below its first-best Pigouvian level, as argued as well by Bovenberg and
de Mooij (1994). However, from Eq. (27) follows that the second-best corrective tax can be either below or above the modified
Pigouvian level, depending on whether the marginal cost of public funds is larger or smaller than one. Consequently, with
heterogeneous agents one cannot generally tell in which direction the modified Pigouvian tax should be adjusted when non-
individualized lump-sum taxes are not available to the government. When distortionary taxes feature redistributional benefits,
and these distributional benefits are larger than the distortions, the marginal cost of public funds is smaller than one, and, hence,
the government should pursue a more ambitious environmental policy. This case thus reinforces the general point of this paper.
However, if the income tax redistributes too much income, and the marginal cost of public funds is larger than one in the
restricted optimum, the optimal pollution tax is driven below the Pigouvian level. That case most closely resembles the models in
the representative-agent literature, where the tax system by assumption features too high distortionary taxes, since taxes only
generate distortions and no distributional benefits. In the full second-best optimum with non-individualized lump-sum taxes,
MCF¼1, and neither the benefits of redistribution (ξl and ξq) nor the costs of externalities (αμ=λ

n

) are deflated by MCF.
Finally, the cost of providing environmental quality μ=η in Eq. (28) is multiplied with MCF. If the marginal cost of public

funds is larger (smaller) than one, the cost of providing a cleaner environment is larger (smaller) than in the full second-best
optimum, hence the government reduces (increases) the optimal supply of environmental quality compared to the first-best
Samuelson rule.

Optimal non-linear taxation

In the real world, tax systems are generally non-linear, and it is important to verify whether the results obtained under
linear instruments carry over to a setting with non-linear taxes. We therefore analyze non-linear taxes on both income and
polluting commodities. This adds to the literature, which only analyzes linear corrective taxes alongside non-linear income
taxes (Pirttilä and Tuomala, 1997; Cremer et al., 1998; Micheletto, 2008). Doing so allows us to explore whether linear
corrective taxes are sufficient to implement second-best allocations, even when they are not restricted to be linear.
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The government can observe total labor income of an individual, zn � nln. The non-linear income tax schedule is
designated by TðznÞ. The marginal tax rate is T 0ðznÞ � dTðznÞ=dzn. Moreover, the government is able to verify consumption of
polluting goods at the individual level. Hence, a non-linear commodity tax can be levied. The non-linear tax on the polluting
commodity is given by τðqnÞ, where τ0ðqnÞ � dτðqnÞ=dqn stands for the marginal commodity tax. Both tax functions are
assumed to be continuous. Compared to the previous Section, the individual's optimization problem is not affected, except
that non-linear marginal tax rates replace the linear ones in the first-order conditions for utility maximization (3) and (4).
The social welfare function remains identical as well.

To determine the non-linear policy schedules Tð�Þ and τð�Þ, a standard mechanism-design approach is employed. First,
making use of the revelation principle, the optimal direct mechanism is derived, which induces individuals to reveal their
ability truthfully through self-selection. This direct mechanism yields the optimal second-best allocation. Then, this
allocation is decentralized as the outcome of a competitive equilibrium by employing the non-linear policy instruments.

Any second-best allocation must satisfy the resource and incentive-compatibility constraints. The economy's resource
constraint is15

N
Z
N
ðzn�cn�qnÞ dFðnÞ ¼ R: ð30Þ

Since n is not observable by the government, every bundle cn; qn; zn

 �

for individual n must be such that individual n
does not want to have another bundle cm; qm; zm


 �
intended for individual man. If utility is written as

uðcn; qn; ln; EÞ ¼ uðcn; qn; zn=n; EÞ �Uðcn; qn; zn; E;nÞ, then incentive compatibility requires

Uðcn; qn; zn; E;nÞZUðcm; qm; zm; E;nÞ; 8mAN ; 8nAN : ð31Þ

By adopting the first-order approach, these incentive constraints can be replaced by a differential equation on utility:16

duðcn; qn; ln; EÞ
dn

¼ � lnulðcn; qn; ln; EÞ
n

: ð32Þ

Consumption of clean goods is a function cn � cðqn; ln;un; EÞ of the allocation, which is found by inverting the utility
function. The government thus maximizes social welfare (6) subject to the resource constraint (30) and the incentive
constraints (32). After integrating the incentive-compatibility constraint (32) by parts, the Lagrangian for maximizing social
welfare can be formulated as

max
fln ;qn ;un ;Eg

L�
Z
N

Ψ unð Þþη nln�c qn; ln;un; E
� ��qn�
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þ
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θn
lnulðcðqn; ln;un; EÞ; qn; ln; EÞ

n
�un

dθn

dn

� �
dnþθnun �θnun ; ð33Þ

where θn is the Lagrangian multiplier associated with the differential equation for utility (32). Intuitively, θn equals the
marginal increase in social welfare of extracting one unit of income from individuals above n. As before, η measures the
marginal social value of public resources, while μ is the marginal social cost (in utils) of raising environmental quality per
capita E/N with one unit.

The optimal policy rules derived below employ elasticities that are defined and derived in Lemma 1.

Lemma 1. The compensated elasticity of labor supply with respect to the marginal income tax rate is

εlT 0 � ∂lnn
∂T 0

1�T 0ðnlnÞ
ln

¼ ul=ln

ullþ
ul

uc

� �2

ucc�2
ul

uc

� �
uclþnul

T 00

1�T 0

40: ð34Þ
15 If the government maximizes social welfare subject to the resource constraint, and all individuals respect their budget constraints, the government
budget constraint is automatically satisfied by Walras’ law.

16 This is a valid procedure only if second-order conditions for utility maximization are fulfilled in the optimum allocation. This requires that the
following constraint on the second-best allocation holds

dðUX=UcÞ
dn

� dX
0
n

dn
r0; 8n;

where Uðcn; qn ; zn ; E;nÞ �Uðcn;Xn; E;nÞ and Xn � zn; qn
� 	

is the vector of gross income and consumption of polluting goods. See Mirrlees (1976) for a formal
proof. This constraint generalizes the Spence-Mirrlees (‘single-crossing’) and monotonicity conditions to a multi-commodity setting. In the remainder it is
assumed that this constraint is always respected, hence the first-order approach is applicable.
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The uncompensated elasticity of earnings with respect to the wage rate is:17
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The compensated elasticity of polluting goods demand with respect to the marginal pollution tax rate is

εqτ0 � �∂qn
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The uncompensated (and compensated) cross elasticity of demand for polluting goods with respect to labor supply, conditional on
net income y � z�TðzÞ, is
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Proof. See online Appendix.

We will express our optimal tax formulae in ABC-form as in Diamond (1998). Moreover, the optimal non-linear income
tax uses the formulation of Saez (2001) in terms of the earnings distribution ~F ðznÞ � f ðnÞ, which has a corresponding
earnings density ~f ðznÞ. The next proposition characterizes optimal tax policy under non-linear policy instruments.

Proposition 4. The optimal non-linear marginal income tax schedule is given by the ABC-formula:

T 0ðznÞ
1�T 0ðznÞ

¼ 1
εlT 0|{z}
� An

R zn
zn
ð1�λnnÞ~f ðzmÞ dzm
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zn ~f znð Þ|fflfflfflfflfflfflffl{zfflfflfflfflfflfflffl}
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; 8znazn ; zn ; ð38Þ

The marginal cost of public funds equals one at the optimal tax system:

MCF � ηR
NΨ

0λnþηtn ∂ln
∂ð�Tð0ÞÞþ ητ�αμ

� � ∂qn
∂ð�Tð0ÞÞf nð Þ dn

¼ 1: ð39Þ

The optimal non-linear marginal pollution tax is given by

τ0 qn
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Optimal provision of environmental quality satisfies:
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where

Δn �
T 0ðznÞ

ð1�T 0ðznÞÞ
εlT 0

εuzn

∂ lnðuE=ucÞ
∂ln ln

: ð42Þ

Proof. See online Appendix. □

Optimal income taxation

The expression for the optimal non-linear income tax (38) is identical to Mirrlees (1971) and Saez (2001) and does not
depend on the presence of the externality. Since the non-linear income tax is well understood in the optimal-tax literature,
it will not be discussed further here. The reader is referred to Mirrlees (1971), Sadka (1976), Seade (1977), Tuomala (1984),
Ebert (1992), Diamond (1998), and Saez (2001) for extensive analyses of the optimal non-linear income tax.
17 The uncompensated elasticity of earnings with respect to the wage rate is always positive given that earnings should be monotonic in skills at the
optimal second-best allocation. The labor-supply elasticity with respect to the wage rate could be negative, however, due to off-setting income and
substitution effects.
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Marginal cost of public funds

Eq. (39) shows that, in the optimum, the marginal cost of public funds is again equal to one, like with linear taxes. Note
that the intercept of the tax function �Tð0Þ serves the same role as the non-individualized lump-sum tax T under linear
instruments. Thus, tax distortions should be equal to distributional and/or environmental gains for all tax rates at each point
in the earnings distribution. Our finding thus generalizes Jacobs and Boadway (2014) who demonstrate that MCF¼1 in
models of optimal commodity taxation in the absence of externalities.
Modified Pigouvian tax

The optimal non-linear pollution tax in Eq. (40) equates costs of setting the corrective tax beyond the Pigouvian level on the
right-hand side, with the benefits of doing so on the left-hand side. Like before, the optimal corrective tax in Eq. (40) does not
depend on measures for the marginal cost of public funds, since MCF¼ 1 in the optimal tax system. Note also that (40) expresses
the modified Pigouvian tax entirely in terms of sufficient statistics: the elasticities and tax rates can all be measured empirically.

Setting environmental taxes above (below) Pigouvian levels could be useful to reduce labor-market distortions if εuqljy o0

(40).18 The polluting good q is then less (more) complementary with work than the clean good c is. If εuqljy o0 (40), the marginal

willingness to pay for the polluting commodity decreases (increases) with labor supply, i.e., ∂lnðuq=ucÞ=∂ln lno0 ð40Þ, see (37).19

By reducing (increasing) the conditional demand for polluting goods – i.e. the change in demand holding net income constant – the
government indirectly stimulates labor supply, and thereby alleviates the distortions of the income tax. Consequently, the optimal

corrective tax in second-best is higher (lower) than the Pigouvian tax if τ0ðqnÞ4αμ=λ
n ðτ0ðqnÞoαμ=λ

nÞ.
Taxes on polluting goods should deviate more from the Pigouvian level the larger is the conditional demand elasticity of

polluting goods with respect to labor, i.e., the larger is εuqljy in absolute value. Pollution taxes should also deviate more from

Pigouvian levels if labor-market distortions are larger, i.e., when marginal excess burden of the income tax
ðT 0ðznÞÞ=ð1�T 0ðznÞÞεlT 0 is larger.

εzn
u

designates the (uncompensated) earnings elasticity with respect to the wage rate. The larger this elasticity, the
stronger labor earnings correlate with ability. Moreover, the cross-elasticity of polluting goods with respect to labor supply
equals minus the cross-elasticity of polluting goods with respect to ability: εuqljy ¼ �εuqnjy � ð∂qn=∂nÞn=qn

��
y , see the online

Appendix. Therefore, the ratio �εuqljy=εuzn ¼ εuqnjy=εuzn implicitly determines which good is more useful to tax in order to

redistribute income. If labor earnings correlate more heavily with ability than polluting goods do (εzn
u

increases relative to
εuqnjy ), the government relies more on distorting labor supply and less on distorting demand for polluting goods to
redistribute income (and vice versa).

In contrast to the case with linear income taxes, corrective taxes are not directly used for redistribution if non-linear income
taxes can be used. Since the utility function is identical for all agents, commodity demands are identical for all agents earning the
same income. Hence, the demand for polluting goods does not reveal additional information about ability than is already
available from observing earnings. As a result, corrective taxation does not help to organize redistribution more efficiently than
can be done with the income tax alone. Direct redistribution through income taxation is superior, because it avoids distortions in
the demand for polluting goods, while generating the same distortions in labor supply.20 Of course, reducing the distortions of
income redistribution indirectly helps to redistribute more income, see also Jacobs and Boadway (2014).

The last result is similar to the findings of Kaplow (2012), but the interpretation is different. In particular, our result
shows that if the government optimizes the tax system, then there should neither be corrections for tax distortions (or: the
marginal cost of public funds) nor for the distributional aspects of income taxes in the rule for the modified Pigouvian tax.
We demonstrate that this is true, even if the government does not offset the distributional impact of the corrective tax
through a benefit-absorbing tax change as in Kaplow (2012). The reason is that tax distortions and distributional gains
cancel in the optimum, which is an envelope property of the optimal income tax. Moreover, this also explains why our result
holds true even if we assume non-separable preferences or analyze linear income taxes, in contrast to Kaplow (2012).
18 Browning and Meghir (1991) and Crawford et al. (2010) empirically reject weak separability for the UK. Some externality-generating goods are found
to be leisure complements (domestic fuels), while others are leisure substitutes (motor fuels). Pirttilä and Suoniemi (2014) find that a joint expenditure
category of housing and energy consumption is a leisure complement in Finland. West and Williams (2007) present evidence that gasoline is a relative
complement to leisure.

19 Note that the term in the numerator of (37) can be written as

ln
uq

uc
ucl�uql

� �
¼ uq

lnucl

uc
� lnuql

uq

� �
¼ �uq

∂lnðuq=ucÞ
∂ln ln

20 However, this result disappears if there is also preference heterogeneity, see also Mirrlees (1976) and Saez (2002). If, conditional on earnings, the
willingness to pay for polluting commodities (i.e., the marginal rate of substitution of polluting and clean commodities) correlates with skills, corrective
taxes (or subsidies) should also be employed for redistributional reasons.
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Modified Samuelson rule environmental quality

Eq. (41) gives the optimal provision of environmental quality under non-linear instruments. Δn in equation (42) can be
interpreted as the ‘virtual subsidy’ on the provision of environmental quality relative to the first-best policy rule. That is,
environmental quality is overprovided compared to the first-best rule, N

R
NuE=uc dFðnÞoμ=η , if the willingness to pay for a

cleaner environment rises with labor supply, i.e., Δn40 if ∂lnðuE=ucÞ=∂ln ln40. Similarly, environmental quality is
underprovided compared to the first-best rule, N

R
NuE=ucdFðnÞ4μ=η, if the individual's marginal willingness to pay for a

cleaner environment falls with labor effort, i.e., Δno0 if ∂lnðuE=ucÞ=∂ln lno0. Intuitively, in the second-best with labor-
market distortions, the government employs environmental quality to indirectly alleviate these distortions by under-
providing leisure complements or overproviding leisure substitutes – relative to the first-best policy rule. The government
likes to deviate more from the first-best Samuelson rule for environmental quality when labor supply is more heavily
distorted, i.e., when marginal excess burden of the income tax T 0ðznÞ=ð1�T 0ðznÞÞεlT 0 is larger. Note, again, that there is no
correction for MCF on the right-hand side of (41), since it is equal to one.

Conditions for first-best policy rules in second-best

Like in the linear case, we illustrate our main findings by deriving the conditions on the utility function that render the
first-best rules for corrective taxes and environmental quality applicable in second-best with distortionary taxation.

Corollary 2. If utility is given by uðhðcn; qn; EÞ; lnÞ, the optimal modified Pigouvian tax follows the first-best Pigouvian rule, and
environmental quality follows the first-best Samuelson rule:

τ0 ¼ αμ

λ
n
¼ αN

Z
N

uE

uc
dF nð Þ: ð43Þ

Proof. If uðhðcn; qn; EÞ; lnÞ we have ∂lnðuE=ucÞ=∂lnln ¼ ∂lnðuq=ucÞ=∂lnln ¼ 0, which implies that εuql
���
y
¼ 0, see (37). Substitution

in (40) and (41) yields the result. □

Thus, with the relatively weak assumption that consumption of goods and environmental quality are weakly separable
from leisure, the optimal second-best policy rule for corrective taxation and environmental quality are identical to the
optimal first-best policy rules. The intuition is that neither pollution taxes nor provision of environmental quality are used
to alleviate labor-market distortions or to redistribute more income. Indeed, environmental policy is only targeted at
internalizing the environmental externality. Moreover, the optimal marginal corrective tax is constant, i.e., flat, in the case
where labor supply is weakly separable from clean and polluting commodities – even though the corrective tax is allowed to
be non-linear. The intuition is that the marginal external damage of consuming one unit of the polluting commodity, α, is
constant across skill types. Hence, linear pollution taxes suffice to internalize all marginal pollution damages.

6. Conclusions and policy implications

This paper shows that, if the tax system is optimized to satisfy redistributional objectives, the second-best policy rule for
internalizing environmental externalities should not be corrected for the marginal cost of public funds. However, the
optimal second-best corrective tax may still differ from its first-best Pigouvian level for other reasons, some of which have
been studied in prior literature. For instance, deviations from the Pigouvian tax are generally desirable depending on the
complementarity of labor with polluting commodities and with environmental quality. When linear taxes are employed,
second-best corrective taxes also depend on their distributional impacts. However, this redistributive role of pollution taxes
is not present under optimal non-linear taxation.

If the government can levy non-linear income taxes, the second-best corrective tax is equal to the first-best Pigouvian tax
if utility is weakly separable between labor and other commodities. When linear taxes are considered, the optimal corrective
tax in second-best is only equal to the Pigouvian tax if utility is weakly separable between consumption goods and leisure,
sub-utility over clean and polluting goods is homothetic, and income effects in individual choices are absent.

The results in this paper have important policy implications. For instance, if the marginal cost of public funds is equal to
one, public resources are equally scarce as private resources, even though taxes create deadweight losses. Accordingly,
countries with highly distortionary tax systems due to a strong preference for equality should not set lower taxes on, e.g.,
carbon emissions than countries with smaller tax distortions.

The finding that the marginal cost of public funds equals one hinges on in the presence of a non-distortionary marginal
source of public finance. We show that, when the government cannot optimize with respect to this instrument, the marginal
cost of public funds can be either smaller or larger than one depending on whether the tax system redistributes too little or
too much income. By incorporating distributional concerns our findings thus demonstrate that corrections for the second-
best Pigouvian tax may be the opposite from what has been suggested by representative-agent models.21 We nest the
21 Also if markets or governments fail, it is no longer guaranteed that the marginal cost of funds is one. Again, it is then no longer clear in which direction
optimal second-best corrective tax should be modified compared to the first-best Pigouvian tax.
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representative-agent model as a special case of our model, where the distributional benefits of distortionary taxes are set
equal to zero, and the marginal cost of public funds generally exceeds one.

As a corollary, the findings of this paper are also relevant for the welfare effects of environmental tax reform and the so-
called ‘weak double-dividend hypothesis'. In particular, recycling the revenue from an environmental tax through lower
distortionary labor taxes might no longer be superior to recycling this revenue through higher (non-individualized) lump-
sum transfers. If the tax system is optimized, the efficiency costs and redistributional gains from income taxes are equal and
the marginal cost of public funds equals one. Consequently, it becomes irrelevant whether the revenue from corrective taxes
is used to cut distortionary labor taxes or to increase non-individualized lump-sum transfers. If tax systems are not optimal,
a weak double dividend does not occur as well if deadweight losses of taxes are smaller than their distributional benefits.
The marginal cost of funds is then lower than one. Indeed, only if deadweight losses of taxes exceed their distributional
benefits, as is the case in all representative-agent models, a weak double dividend is feasible, because the marginal cost of
funds is then larger than one.22

These findings may have broader implications for the analysis of instrument choice in environmental policy. In particular,
some papers have argued that revenue-raising instruments are superior compared to non-revenue-raising instruments,
such as regulation or subsidies (Goulder et al., 1999). This argument rests on the presumption that public resources are
scarcer than private funds due to pre-existing tax distortions, i.e., that the marginal cost of public funds is larger than one.
However, if the tax system is optimized, we conclude that public funds are not scarcer than private funds, so that revenue
raising does not in itself yield a social welfare gain. Intuitively, the fundamental informational constraint in second-best
analysis – ability is private information – cannot be relaxed by simply adopting a different policy instrument. As long as
quantity controls, regulation or subsidies can sustain the second-best allocation equally well as taxes, revenue-raising
instruments are not necessarily superior. Thus, one needs to include additional, instrument-specific constraints in the
analysis to assess whether revenue-raising instruments are to be preferred over other instruments.23
Appendix A. Supplementary data

Supplementary data associated with this article can be found in the online version at http://dx.doi.org/10.1016/j.jeem.
2015.01.003.
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