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tively highwelfare cost during the transition phase. This is particularly the case when the spending policy favors
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1. Introduction

Over the recent years, the debate on environmental tax reform has
moved on from theoretical discussion to become a practical policy
issue inmany countries (OECD, 1997, 2010). Several European countries,
such as Sweden, Norway, Finland, Denmark, and the Netherlands, imple-
mented environmental tax reforms during the 1990s. More recently,
other European countries such as Germany, Italy and the United
Kingdom have introduced environmental taxes to reduce their green-
house gas emissions and raise revenues whichmay be used in a number
way. The public debate on such tax reform is ongoing in other countries,
such as France and Switzerland.

For any policy discussion it is absolutely critical to know how the en-
vironmental tax revenue is recycled. The key issue is to identify the most
appropriate policy for achieving two government goals: (1) lower
pollution emissions and (2) high economic growth leading to improved
social welfare. In this paper we address some question related to
environmental tax reforms. How can tax reform be undertaken without
reducing growth and social welfare? Do the transitional and long term ef-
fects conflict with each other? What are the associated impacts of a
change in public spending structures? These questions are central to pub-
lic debate, not only in countrieswhere environmental tax reformhas been
introduced, but also in countries where such reform is still under
consideration.
Recent macroeconomic developments have made progress in ana-
lyzing the dynamic effects of taxes, particularly within the framework
of endogenous growth models.1 As a consequence, endogenous growth
models have often been used to analyze the effects of environmental
taxes on the rate of long-term growth. Ricci (2007) provides a compre-
hensive survey, which presents various impacts of restrictive environ-
mental policy on growth that have been discussed in the literature. A
tighter environmental policy can potentially operate through different
mechanisms such as investment, education and R&D. Overall, to gener-
ate a positive growth effect, many studies incorporate environmental
quality into thefirm's production function as an externality by assuming
that a clean environment would improve the productivity of inputs or
the efficiency of the educational system (see for instance Ligthart and
van der Ploeg, 1994; Bovenberg and Smulders, 1995; Grimaud, 1999;
Hart, 2004; Nakada, 2004; Chen et al., 2009; Paturel, 2009; Aloi and
Touremaine, 2011; among others). By developing an endogenous
growth model, in which pollution affects human capital depreciation
and worker's productivity, Gradus and Smulders (1993, 1996), van
Ewijk and van Wijnbergen (1994) and Paturel (2008) show that a tax
on emissions, via its effect on learning abilities, promotes long run
growth. Using a similar framework, Hettich (1998) and Oueslati
(2002) have also highlighted that the labor–leisure choice played a
(1998) among others, have focused on the relationship between tax rates and long-term
growth rates.
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role in the transmission of the environmental tax effect in a two-sector
model of endogenous growth.

The literature on environmental tax has also addressed the so-called
“double dividend” issue. The basic idea is whether a switch from differ-
ent taxes to taxes on polluting goods or production factors can achieve
both an improvement in the environment and a reduction in
distortions arising from labor or capital taxation.2 The environmental
tax reform allows the government to carry out the operation in a
revenue-neutral way, i.e. leaving total tax revenues unchanged. Howev-
er, environmental tax reform can also be revenue-positive or revenue-
negative, depending on how much tax revenue is recycled. In this
respect, the environmental tax reform issue has been extensively inves-
tigated within the endogenous growth framework (see Bovenberg and
Smulders, 1995; Bovenberg and Mooij, 1997; Hettich, 1998; Fullerton
and Kim, 2008; Greiner, 2005; Fernandez et al., 2011; among others).
Overall, this literature has considered the relationship between environ-
mental tax reform from different aspects and within different endoge-
nous growth frameworks. However, it should be noted that these
studies paid relatively little attention to any associated modifications to
the public spending structure.3 In practice, environmental tax reforms
are combined with changes in the public spending structure. This is par-
ticularly true since governments include the impacts of environmental
tax reform within a comprehensive overview of their budget and often
wish to allocate additional resources to support productive sectors and/
or to increase spending on reducing pollution levels.

The purpose of this paper is to study the effects of tax reform and
public expenditure policies within a unified growth model. We use an
endogenous growth model with human capital (Lucas, 1988) to assess
the effects of environmental tax reform and changes in public spending
structure. Thus, we introduce an explicit trade-off between two types of
public spending: (1) education spending,which supports the accumula-
tion of human capital, and (2) public abatement spendingwhich aims to
improve environmental quality by reducingpollution. FollowingGradus
and Smulders (1993), we assume that pollution influences agents' abil-
ities to learn. As the learning process is the ultimate engine of growth,
reducing pollution can establish a channel through which environmen-
tal tax can enhance growth. Moreover, we utilize a numerical approach
to compute the entire dynamic transition path towards balanced
growth path. The analysis of the dynamic adjustment path enables us
to perform welfare calculations. In particular, we make explicit the
trade-off between the transitional and long term welfare costs of six
policy scenarios, combining environmental tax reforms and changes in
the public spending structure.

Our main results can be summarized as follows. We show that tax
reform policies may improve growth and social welfare in the long
term. Coupled with a change in the structure of public spending, the
growth and welfare effects can be amplified. However, these positive
effects are achieved at the expense of a reduced growth rate and a rela-
tively high welfare cost during the transition period.

The remainder of the paper is organized as follows. In Section 2 the
general model is presented and a market solution is derived. Section 3
discusses the growth and welfare effects of different policies for the
use of pollution tax revenues. Section 4 proposes a numerical simulation
of different policy scenarios. Here we parameterize the model at the
steady state so that it incorporates some macroeconomic stylized
facts. We then simulate and comment on the transitional dynamics.
Section 5 computes welfare costs for each reform in the transitional
and long term. Section 6 summarizes the main findings.
2 See Goulder (1995), Carraro et al. (1996), Bovenberg and van der Ploeg (1997),
Bovenberg (1999) andGiménez andRodríguez (2010) for a reviewof themain arguments
in this discussion.

3 To the best of our knowledge, only Kempf and Rossignol (2007) have analyzed the
choice of repartition of public spending by a median voter and its impact on growth.
2. The model

We consider a discrete time economy populated with a continuum
of identical, infinitely-lived households. Each household owns the
stock of physical capital in the economy, Kt, and is endowedwith a (nor-
malized) unit time. A proportion of the final product (Yt) produces a
flow of pollution that can be reduced by a public effort towards
reducing pollution. The effective pollution flow is assumed to affect
individuals' utility and learning process.

2.1. The household

The behavior of the rational household is guided by the maximiza-
tion of the discounted lifetime utility

W0 ¼
X∞
t¼0

βt logCt−ϕP logPtð Þ ð1Þ

where Ct is consumption and 0 b β b 1 is the discount factor. Pt is the
effective pollution flow and ϕP represents the weights of pollution in
utility. The consumer budget constraint can be written as follows:

Kt ¼ 1þ 1þ τKt
� �

rt
h i

Kt−1 þ 1−τHt
� �

wtutHt−1−Ct þ Tt ð2Þ

where rt is the return to physical capital and wt is the gross wage rate
per effective unit of human capital utHt − 1. τtK and τtH are respectively
a tax on capital income, andwage tax. Tt represents a lump-sum transfer
from the government.

The representative household can increase their human capital stock
Ht, by devoting time to schooling (1− ut). We assume that this activity
takes place outside the market, and new human capital can be acquired
by spending time. According to the formulation of Gradus and Smulders
(1993), we consider that effective pollution causes human capital to de-
preciate at a faster rate. This reflects the potential effect of pollution on
health that negatively affects the process of human capital
accumulation.4 Let us denote the influence of pollution on the learning
process as ηPt, where η N 0. Thus, the law of motion for human capital
is given by

Ht ¼ 1þ Bt 1−utð Þ−ηPt½ �Ht−1: ð3Þ

Bt N 0 represents human capital productivity, which is assumed to de-
pend on public efforts to support education. That is, we define

Bt ¼ eB Et
Yt

� �ξ
ð4Þ

where eB N 0 is a constant scale parameter, Et is public education spend-
ing and 0 ≤ ξ ≤ 1 captures the productivity of public education spend-
ing. The assumption that human capital productivity depends on
public education expenditure is consistent with the goal of public
education policy in practice, as well as with many theoretical works
(see for instance Glomm and Ravikumar, 1992; Blankenau, 2005;
Angelopoulos et al., 2011).

2.2. Firms and pollution

The economy comprises a large number of identical and competitive
firms. They rent capital and hire effective labor from the households at
4 See Zivin and Neidell (2013) for a comprehensive survey on the relationship between
pollution and human capital.
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rental price r and wage rate w respectively. They use the following
constant-returns Cobb–Douglas technology

Yt ¼ AKα
t−1 utHt−1ð Þ1−α ð5Þ

where A N 0 and 0 b α b 1.
According to Luptacik and Schubert (1982), we consider that pollu-

tion is a by-product of output. To simplify, we assume that one unit of
output production leads to one unit of pollution emissions, which is
taxed at the rate τp N 0. Thus, firms have to pay τp per unit of output.
Firms are assumed to maximize their market value, which is equal to
the appropriately discounted sum of profit flows, the latter is given by

πt ¼ 1−τp
� �

Yt−rtKt−1−wtutHt−1: ð6Þ

Profit maximization implies that in equilibrium, firms pay for each
production factor at its marginal productivity.

rt ¼ 1−τp
� � α Yt

Kt−1
ð7Þ

wt ¼ 1−τp
� � 1−αð ÞYt

utHt−1
: ð8Þ

Pollution is considered to be a flow variable, hence the model can
predominantly be applied to pollutants which dissolve rather quickly.
This corresponds to several air pollutants in big cities, such as nitrogen
dioxide and particulate matter, which are seriously harmful to human
health. We assume that pollution flow can be reduced by means of
public abatement activities (Dt) which in turn consume a proportion
of output, in line with the flow resource constraint.

Following Gradus and Smulders (1993), among others, we consider
that the effective pollution (Pt) can take the following form:

Pt ¼
Yt

Dt

� �μ
; μ N 0: ð9Þ

With the form (Eq. (9)), the effective pollution does not grow with-
out bound and is constant at the steady state.5 See Bretschger and
Smulders (2007) and Ricci (2007) for a survey of the various alternative
forms of environmental externality in endogenous growth models.

2.3. The government

Government revenue comes from taxes on capital income (τtK),
wages (τtH) and pollution (τtp). All government tax revenues (Zt) are
used to cover abatement expenditure (Dt), education spending (Et)
and lump-sum transfers (Tt).We assume that the government balanced
its budget in every period, thus avoiding any burden associated with
government debt. Each type of public spending is essential.

The government budget constraint implies that in each period, we
have:

Zt ¼ τKt rtKt−1 þ τHt wtutHt−1 þ τPt Yt ¼ Dt þ Et þ Tt : ð10Þ

The government can change the budget structure, but should always
maintain a minimum allowance for each expense. There is therefore an
irreducible level for each type of public expenditure. Let θ1, θ2 and θ3 ∈]
0, 1[, such as θ1 + θ2 + θ3 = 1. That is,

Et ¼ θ1Zt ;Dt ¼ θ2Zt andTt ¼ θ3Zt : ð11Þ
5 We assume that Dt N 0, insofar as the government is required to deal with polluting
activities by maintaining a positive level of abatement expenditures.
Finally, the market clearing condition for the goods market is

Yt ¼ Ct þ Kt− 1−δKð ÞKt−1 þ Zt : ð12Þ

2.4. Characteristics of competitive equilibrium

We now set out the efficiency conditions that determine a competi-
tive equilibrium and derive the analytical solution of the model.

2.4.1. The market solution

Definition 1. A competitive equilibrium for this economy consists of
the consequences {Ct, Yt, Kt, Ht, ut, Zt, rt, wt, τtP, τtK, τtK, Pt} for t ∈ [1, ∞)
and for 0 b θ1, θ2, θ3 b 1, that satisfy the following conditions.

(a) Household utilitymaximization:Maximize Eq. (1) subject to Eqs. (2)
and (3) lim

t→∞
βtλtKt ¼ lim

t→∞
βtqtHt ¼ 0.

H0 and K0 are given. The variables λt and qt represent respectively
the shadow prices of physical and human capital.

(b) Profit maximization (Eq. (6))
(c) Government budget constraint (Eq. (10))
(d) Market clearing condition (Eq. (12))

So as to characterize the competitive equilibrium, let us focus on the
different trade-offs faced by the household. After eliminating the shad-
ow prices for physical and human capital, as well as by using Eq. (11),
the first order conditions for the household problem can be written as

Ctþ1

Ct
¼ β 1þ 1−τKtþ1

� �
rtþ1

h i
ð13Þ

Ctþ1

Ct
¼ β

1−τHtþ1

� �
wtþ1

1−τHt
� �

wt

Zt=Yt

Ztþ1=Ytþ1

� �ξ
1þ B θ1

Ztþ1

Ytþ1

� �ξ
−ηPtþ1

( )
: ð14Þ

Eqs. (13) and (14) are Euler conditions determining the optimal
accumulation of physical and human capital. These conditions, along
with Eqs. (2), (3), (7), (8), (10) and (12) constitute a dynamic system
in C, Z, u, K and H which, together with the transversality conditions6

and initial K(0) and H(0), fully describe the dynamic behavior of the
economy along an interior equilibrium.

2.4.2. The balanced growth path

Definition 2. A balanced growth path (or steady state) is an allocation
{Ct, Zt, ut, Kt, Ht, Pt}, a price system {rt, wt}, and taxes τK, τH and τp satis-
fying Definition 1, such that for some initial conditions K(0) = K0 and
H(0) = H0, the paths {Ct, Zt, Kt, Ht}, grow at a constant rate g, and ut
and Pt both remain constant.

In order to characterize the balanced growth path, we transform
some variables to make them stationary. For analytical convenience
we use the following transformed variables: ht = Ht/Kt, ct = Ct/Kt − 1,
yt = Yt/Kt − 1, zt = Zt/Kt − 1 and gt = Kt/Kt − 1.

Using this change of variables, substituting out prices rt andwt, from
Eqs. (7) and (8) and substituting for Et and Dt from Eq. (11), we obtain
the following stationary system.

gt ¼ 1þ yt−zt−ct−δK ð15Þ

gt
ht

ht−1
¼ eB θ1zt

yt

� �ξ
1−utð Þ þ 1−ηPt ð16Þ
6 These conditions are standard and entail that the present discounted value of both hu-
man and physical capital stocks tends to zero at infinity.
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gt
ctþ1

ct
¼ β 1þ α 1−τKtþ1

� �
1−τptþ1

� �
ytþ1

h i
ð17Þ
gt
ctþ1

ct
β

1−τHtþ1

� �
wtþ1

1−τHt
� �

wt

zt
ztþ1

ytþ1

yt

� �ξ
1þ eB θ1

ztþ1

ytþ1

� 	ξ
−ηPtþ1

( )
ð18Þ

zt
yt

¼ τKt α þ τHt 1−αð Þ
h i

1−τpt
� �þ τpt : ð19Þ

In addition, from Eqs. (9) and (5), we obtain the stationary variables
of the output and the effective pollution:

yt ¼ Au1−α
t h1−α

t ð20Þ

Pt ¼
yt
θ2zt

� �μ
: ð21Þ

It can easily be shown that the balanced growth path (denoted by an
asterisk) takes the following form (see Appendix A):

g� ¼ β 1þ eB θ1Λð Þξ−η θ2Λð Þ−μ
h i

; y� ¼
eB θ1Λð Þξ−η θ2Λð Þ−μ

α 1−τK
� �

1−τpð Þ
u� ¼ 1−β

β
g�eB θ1Λ½ �ξ

; c� ¼ 1þ 1−Λð Þy�−g�

P� ¼ θ2Λð Þ−μ
; h� ¼ y�

A

� � 1
1−α 1

u�

where Λ = z*/y* = [τKα + τH(1 − α)](1 − τp) + τp. The model's bal-
anced growth path depends on the parameters of public policy through
the share of public spending in the final product (Λ), but also on its
structure as defined by the choice of the policy parameters θ1, θ2, and
θ3. A positive equilibrium growth requires that the net total human
capital accumulation should be higher than the effect of pollution on
human capital accumulation, i.e. 1þ eB θ1Λð ÞξNη θ2Λð Þ−μ . Table 1 reports
the results from comparative statics. Since the comparative statics for
the version of the model without pollution are well-understood
(Mulligan and Sala-i-Martin, 1993), we concentrate on the effects of
policy parameters (see Appendix B).

Note that regardless of the public spending structure and tax system,
the share of public spending in the final product has a positive effect on
the rate of long-term growth (i. e. ∂g*/∂Λ N 0). In addition, public spend-
ing parameters θ1 and θ2 have positive effects on growth i.e.
∂g/∂θ1 N 0 and ∂g/∂θ2 N 0. The lump-sum transfer effect on growth is
nil (i. e. ∂g*/∂θ3 = 0). The effects of different tax rates on long-term
growth go through Λ. If public expenditures are efficiently mobilized
to support education and/or public abatement, then increasing taxes
can have a positive effect on long-term growth. It should be emphasized
that in our setup, revenue-neutral tax reforms have no effect on the
Table 1
Policy parameter effects.

g⁎ y⁎ u⁎ c⁎ P⁎

Λ, τP, τK, τH + + ? ? – –

θ1 + + ? ? – 0
θ2 + + + – –

θ3 0 0 0 0 0 0
long-term growth rate. In what follows, we limit our analysis to
revenue-positive reforms.

The effects that the share of public spending and taxes on time allo-
cated to production are ambiguous and depend on themagnitude of the
pollution impact on human capital accumulation. If ηP* N 1, we deduce
that ∂u/∂Λ N 0 and ∂u/∂θ1 N 0. But if ηP* b 1, the sign of ∂u/∂Λ depends
on the parameters of human capital accumulation and ∂u/∂θ1 b 0.
Since h* depends on u*, we obtain the same ambiguity. Note also
that all parameters of tax and spending policies have a negative
effect on the level of consumption in equilibrium. This reflects the
crowding out effect on consumption related to public spending and
taxes. Finally, the level of pollution declines with augmentation of
the share of public spending in the final product (i. e., ∂P/∂Λ b 0) and
the increase in abatement ∂P/∂θ2 b 0, but is insensitive to variations of
θ1 and θ3.

3. Recycling the pollution tax revenue

In this section, we investigate the growth and welfare effects of
different policies for the use of pollution tax revenue. Basically, we con-
sider two main options. The first is to use the pollution tax revenues to
change the structure of public spending by increasing education spend-
ing, abatement expenditures or lump-sum transfers. This option implies
that the tax system remains unchanged. The second option is to make
various tax reforms by using pollution tax revenues to reduce either
wage tax or profit tax. In practice both option can be combined, which
leads to several possibilities. However from an analytical perspective,
it would be useful to consider both strategies separately and compare
their effects on growth and welfare.

3.1. Growth effects

3.1.1. Growth effects of public spending policy
In a first case, the government can use the revenue generated by en-

vironmental taxation to increase a single type of public spending. As the
growth-effect of the transfer share (θ3) is nil, we restrict our analysis to
two spending policies. Alternatively, the government can increase
spending on either education or abatement, while leaving the tax
system unchanged. The following proposition restates and compares
the growth-effects of both spending policies.

Proposition 1. Growth effects of change in public spending structure

(i) Spending policy 1: Fully utilize the environmental tax revenue to
increase education spending, while maintaining abatement and
transfer payments, increases the long-term growth rate, i.e.

dg�

dτP





dθ1N0;
dθ2¼dθ3¼0

N 0:

(ii) Spending policy 2: Fully utilize the environmental tax revenues for
increasing abatement expenditure, while maintaining education
spending and transfer payments, increases the long-term growth
rate, i.e.

dg�

dτP





dθ2N0;
dθ1¼dθ3¼0

N 0:

(iii) Comparison between policy 1 and policy 2 depends on the relative
importance of the pollution effect on human capital accumulation,
with respect to the effect of education spending, i.e.

dg�

dτP





dθ1N0
dθ2¼dθ3¼0

−dg�

dτP





dθ2N0
dθ1¼dθ3¼0

N0; ξΛ eB θ1Λð Þξ−1
NημΛ θ2Λð Þ−μ−1

b0; otherwise

�
:



7 We have by definition Ct = cKt − 1 and the equilibrium growth rate can be written
g = Kt/Kt − 1 ⇒ Kt = gt + 1K−1.We normalize K − 1 = 1.
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Proof. See Appendix C. ■
Both spending policies have a positive growth effect. Policy to

increase abatement is more growth enhancing if the effect of reduc-
ing pollution on health (ημΛ(θ2Λ)−μ − 1) is higher than the effect of
education spending on the productivity of human capital accumula-
tion ξΛeB θ1Λð Þξ−1

� �
and vice versa. Thus, this condition depends on

parameters of human capital accumulation. In countries where
pollution has a high impact on learning abilities, the mobilization of
budgetary resources to reduce pollution allows for the best results
in terms of growth. However, in other cases, it would be possible
for the mobilization of government resources to increase support
for education to lead to better results in terms of long-term growth.
Proposition 1 highlights the relative importance of public spending
productivity in the improvement of human capital accumulation
and ultimately growth rate. This depends on the parameters ξ, eB, η
and μ.

3.1.2. Growth effects of environmental tax reforms
We now investigate the impacts of two types of tax reforms associ-

ated with the implementation of a pollution tax. First, we examine the
effects on growth of funding a reduction in the tax on wages through
environmental taxation, while maintaining the profits tax at a constant
rate (dτK=0). Second, the effects on growth of a reduction in the tax on
profits is analyzed in the context of maintaining existing levels of tax on
wage (dτH = 0). Both tax reforms are considered as revenue-positive
reforms, which require dΛ N 0.

The following proposition sets out the effects of these two reforms
on the long term growth rate, when the government keeps the public
spending structure unchanged.

Proposition 2. Growth effects of environmental tax reforms without
change in the structure of public spending.

(i) Tax Reform 1: Using environmental tax revenues to reduce tax on
wages and increase public spending, while maintaining profit tax
unchanged, increases the long-term growth rate, i.e.:

dg�

dτP





dτHb0; dΛN0

dτK¼0
N0:

(ii) Tax Reform 2: Using the environmental tax revenues to reduce tax
on profits and increase public spending, while maintaining wage
tax unchanged, increases the long-term growth rate, i.e.:

dg�

dτP





dτKb0; dΛN0

τH¼0
N0:

(iii) Comparison of the growth-effects of Reform 1 and Reform 2 depends
on the output elasticities of physical capital (α), i.e.,

dg�

dτP





dτH b 0;dΛ N 0

dτK¼0
−dg�

dτP





dτK b 0; dΛ N 0

dτH¼0

N0; if α b 1=2
b 0; otherwise

�
:

Proof. See Appendix C. ■
Proposition 2 establishes that Reforms 1 and 2 are both growth-

enhancing. Moreover, Reform1 ismore growth-enhancing than Reform
2, when the output elasticities of physical capital are lower than that of
human capital (i.e. α b 1 − α, which needs α b 1/2). Note also that
increasing public spending (dΛ N 0) without tax reforms would be
sufficient to improve long-term growth (i.e. dg� ¼ ∂g

∂Λ
∂Λ
∂τP dτ

PN0). This is
because increased public spending positively affects the productivity
of human capital accumulation.
3.2. Welfare effects

Using Eq. (1) and the transformed variables, the welfare along the
balanced growth path is given by7:

W0 ¼ log c−ϕP log P½ �
X∞
t¼0

βt þ log g
X∞
t¼0

tβt
: ð22Þ

By using the following approximations ∑
∞

t¼0
βt ¼ 1

1−β and ∑
∞

t¼0
tβt ¼

β
1−βð Þ2, we deduce from Eq. (22)

W0 ¼ log c−ϕp log P
1−β

þ β log g
1−βð Þ2 : ð23Þ

The different policies discussed above affect welfare through
consumption, growth rate and pollution. The following proposition
establishes the welfare effects of spending policies.

Proposition 3. The welfare effect of public spending policy without tax
reform (dτH = dτK = 0).

(i) Both spending Policies 1 and 2 are welfare-improving, if the growth
effects and/or pollution-effects of θ1 or θ2 are higher than their
negative effects on consumption, i.e.

dW
dτP

dθ1N0;
dθ2 ¼ 0






� N 0; if

∂g
∂θ1

∂W
∂g N− ∂c

∂θ1
∂W
∂c ;whichrequiresgN

β2

β þ Λ−1ð Þ 1−βð Þ c
b 0; otherwise

8<:
and

dW
dτP

dθ2N0
dθ1 ¼ 0





 N0;

�
N0; if

∂g
∂θ2

∂W
∂g þ ∂P

∂θ2
∂W
∂P N− ∂c

∂θ2
∂W
∂c ;

whichrequires
β

1−β
1
g
−Λþ β−1

β
1
c�

� 	 ∂g
∂θ2

þ ϕpμ
θ2

N0

b 0; otherwise

8>>>><>>>>: :

(ii) Comparison of the welfare effects of spending policies 1 and 2 de-
pends on the relative importance of pollution effect on health with
respect to the effect of education spending, i.e.

dW
dτP

dθ1N0;
dθ2 ¼ 0





 −dW
dτP

dθ2N0
dθ1 ¼ 0





 N0; if ξΛeB θ1Λð Þξ−1
NημΛ θ2Λð Þ−μ−1

b0; otherwise

�
:

Proof. See Appendix D. ■
Spending policies may have a positive effect on welfare if their

effects on growth and pollution are high enough to offset the negative
effects on consumption. Thereby, positive welfare effects related to
spending policy 1 requires that the long run growth rate (g) be suffi-
ciently higher than the stationary level of consumption (c). This condi-
tion means that the economy is expected to grow at a rate sufficiently
high to compensate for any drop in consumption due to the implemen-
tation of the environmental tax. However, in the case of spending policy
2, this condition is relaxed due to the welfare positive effect of lower
pollution. Moreover, if the effect of education spending ξΛeB θ1Λð Þξ−1

� �
is higher than the pollution effect on human capital accumulation
(ημΛ(θ2Λ)−μ − 1), spending policy 1 is more welfare improving than
spending policy 2 and vice versa.



8 The discount rate, 1/β is equal to 1 plus the ex-post real interest rate. We use the ex-
post real interest rate from MEI.

9 For an empirical survey of environmental tax reform see Cansier and Krumm (1997),
Ekins and Speck (1999), OECD (1997, 2010), and European Environment Agency (2011).

Table 2
Parameter values.

Parameter Value Definition

A N 0 0.1 Technological progress in goods production
B N 0 0.1 Technological progress in human capital production
g N 0 1.01 Growth rate
0 b α b 1 0.25 Productivity of capital
0 b β b 1 0.98 Rate of time preference
0 b Λ b 1 0.4 Public spending share in the output
0 b θ1 b 1 0.35 Share of education spending in the output
0 b θ2 b 1 0.1 Share of abatement in the output
0 b θ3 b 1 0.55 Share of transfer
ξ N 0 0.5 Productivity of education spending
μ N 0 0.1 Elasticity of pollution with respect to Y/D
η N 0 0.012 Pollution impact on health

Table 3
Steady state solution.

h c y u d e P

Initial steady state (SS0) 10.058 0.117 0.213 0.272 0.0085 0.0298 1.379
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Proposition 4. The welfare effects of environmental tax reforms without
change in public spending structure.

(i) Both Reform 1 and Reform 2 are welfare-improving, if the effects of
public spending on growth and/or pollution are high enough to off-
set the negative effects of Λ on consumption, i.e.:

dW
dτP

dτH b 0;dΛ N 0

dτK ¼ 0







 N 0 and
dW
dτP

dτK b 0;dΛ N 0

dτH ¼ 0







 N0; if
∂W
∂g�

∂g�

∂Λ

þ ∂W
∂P�

∂P�

∂Λ N
∂W
∂c�

∂c�

∂Λ :

(ii) Comparison of growth-effects on Reforms 1 and 2 depends on the
output elasticity of physical capital and that of human capital, i.e.

dW
dτP

dτH b 0;dΛ N 0

dτK ¼ 0







 N0−dW
dτP

dτKN0;dΛ N0

dτH ¼ 0







 N0; if α b 1=2
b 0; otherwise

�
:

If the output elasticity of physical capital is lower than that of human
capital (i.e. α b 1 − α), then Reform 1 is more welfare-enhancing then
Reform 2.

Proof. See Appendix D. ■
The previous propositions allow to establish analytically the con-

ditions required for positive effects on growth and welfare of various
tax reforms and spending policies. An important lesson from these
analytical developments is that the government may achieve better
performance in terms of growth and welfare by combining environ-
mental tax reform with a change in the public spending structure.
However, it should be noted that a policy which favors an increase
in public spending on abatement is not necessarily the best in
terms of growth and welfare. In the next section, we simulate differ-
ent policy scenarios combining them to estimate welfare costs in the
transient and long term.

4. Simulation analysis

Wederive a full numerical solution for themodel. The objective is to
illustrate transitional and long-term effects of different policy scenarios
combining tax reforms and spending structure changes. Before proceed-
ingwith estimating the effects on growth andwelfare, we parameterize
the model in order to reflect the best most developed economies, then
we discuss the policy scenarios that are being considered.

4.1. Benchmark parameterization

The purpose of this parameterization is to calculate the values of the
initial steady state SS0, referred to here as the benchmark case.We can-
not really hope to be as precise as those who employ the same model
without pollution, since we lack strong empirical evidence concerning
the nature of environmental preferences and pollution impacts on
human capital accumulation (Eq. (3)). Nevertheless, to the greatest pos-
sible extent, we follow the recent literature and determine the values of
certain parameters in accordance with some stylized macroeconomic
facts. The data used in this study are obtained from the OECD database,
which includes: (i) Main Economic Indicators (MEI) and (ii) the Inter-
national Sectorial Database (ISDB).

The parameter values are: (i) preference parameters: β and ϕP,
(ii) technology parameters α, A, B, μ, η and ξ, and (iii) public policy
parameters: τK, τH, τP, θ1, θ2 and θ3. To calibrate the model, we work as
follows. We consider that the economy is initially on the equilibrium
growth path where pollution is not taxed (τP = 0). To compute the
steady state variable values, we resort to the common parameter values
already used in the two-sector endogenous growth models. In accor-
dance with the ISDB dataset, we set α= 0.25 and β= 0.98.8 Addition-
ally, the calibration is carried out so as to capture the share of GDP
allocated to public spending (Λ) at 40%, which corresponds to the aver-
age level of public spending inOECD countries (MEI). The environment-
related expenditure is estimated to be approximately 2.3–5.8% of GDP in
OECD countries. We then set average rates e/y= θ1Λ=14 % and d/y=
θ2Λ = 4 %. Taking this as a proxy for industrialized economies, the
growth rate is 1% and profit tax τK= 0.35. The values of the scale factor
A= 0.1 and B= 0.1 were chosen to ensure that u and τH were close to
the values observed in the OECD countries. The numeric values for the
model's parameters are reported in Table 2.

The steady state solution implied by this calibration is reported in
Table 3. As can be seen, the proportion of consumption in the final out-
put c/y = 0.55 is close to the data average observed in the OECD
countries.
4.2. Policy scenarios

There is awide variation in the use of revenues generated by environ-
mental taxation. According to Sumner et al. (2009), half of the environ-
mental taxes implemented to date return revenues to the government
or to entities subject to the tax in order to offset the increased tax burden,
while the remainder is used to fund either specific pollution reduction
programs or government budgets. Some policies apply a portion of
revenues for each purpose. For example, in some countries the revenue
from environmental taxation is not hypothecated and contributes to
the general public budget without being linked to a specific area of
expenditure (e.g., in Norway and Finland). In others, it is used to reduce
social security contributions (e.g., Germany and the United Kingdom),
personal income taxes (e.g., Denmark, Sweden and the Netherlands) or
employment charges (e.g., Italy). In Denmark, environmental tax reve-
nue is used in part to compensate polluters. However, in the United
Kingdom, it is used to subsidize investment in clean technologies.9 In
sum, the revenue generated by environmental taxation, can be used to
fund offsetting reductions in (1) taxes on labor, (2) taxes on capital, or
(3) public spending.

Based on this variety of experiences of environmental tax reform,we
consider successively the effect on the steady state of six scenarios that



Table 4
Policy scenarios.

Tax reform 1 Tax reform 2

dτH b 0, dτK = 0 dτK b 0, dτH = 0

Unchanged public spending structure
(dθ1 = dθ2 = 0)

Scenario 1 Scenario 4

Increasing education spending
(dθ1 N 0, dθ2 = 0)

Scenario 2 Scenario 5

Increasing abatement spending
(dθ2 N 0, dθ1 = 0)

Scenario 3 Scenario 6

Table 5
Long-term effects of policy scenarios.

g P h u c/y

Initial steady state (SS0) 1.010 1.379 10.058 0.272 0.553
Tax Reform 1 Scenario 1 1.0116 1.3692 10.5325 0.2628 0.5142

Scenario 2 1.0153 1.3692 14.1772 0.2408 0.5074
Scenario 3 1.0119 1.3445 10.7286 0.2629 0.5135

Tax Reform 2 Scenario 4 1.0114 1.3703 8.7798 0.2638 0.5107
Scenario 5 1.0151 1.3703 11.8265 0.2417 0.5029
Scenario 6 1.0117 1.3455 8.9446 0.2639 0.5100

10 We follow the method proposed by Uhlig (1995) for solving nonlinear dynamic sto-
chastic models. Although our model is deterministic, the method used by Uhlig (1995)
was adapted to calculate the recursive equilibrium law of motion.
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capture the most plausible policies. We retain both Reforms 1 and 2 as
discussed in the previous sections, where the government introduces
a pollution tax (τP = 0.1) and use its revenues to reduce either the tax
on wages or on profits. In both cases we consider a reduction of 10%
with respect to the benchmark tax values. Then, both tax reforms are
considered within different public spending scenarios. First, we consid-
er the case where the government does not alter the structure of public
spending. Next, we consider two possible caseswhere the public spend-
ing changes to increase either expenditure on education or on public
abatement. In both cases we also retain a decrease of 10% compared to
the value of the benchmark values of θ1 and θ2.

In total we analyze the effects of six possible scenarios combining
various tax reforms and changes to budgetary policies. For each scenar-
io, we examine the long-term and transitional effects of each tax reform
with regard to three public spending policies. Table 4 summarizes the
scenarios considered.

4.3. Simulation results

All policy scenarios alter the initial steady state corresponding to the
benchmark (SS0) and initiate transitional dynamics towards a new
steady state. Table 5 shows the results of changes in the steady state
for each scenario.

All scenarios improve long-term growth to varying degrees. The
reason for this is that the various reforms alleviate tax burdens on
production factors and allocate more resources to the engine of growth,
i.e. the accumulation of human capital. As can be seen in Table 3, each of
the different scenarios involves a change in h, u and c/y. These changes
may be explained by two fundamental economic mechanisms. The first
concerns the modification in the allocation of resources between con-
sumption, investment and public spending. Environmental tax can be
seen as a levy on available resourceswithin the economy,which induces
a decline in the consumption proportion of GDP. To counteract the lack
of welfare resulting from the drop in consumption, households spend
more of their time in education (1− u). The result of such time reallo-
cation is an enhancement in productive capacity and therefore better
long-term growth. The second mechanism reflects the transformation
of the production function, which becomes more intensive in terms of
human capital.

Regardless of the envisaged tax reform, the increase in the share of
education spending (scenarios 2 and 5) gives the best performance in
terms of long-term growth. This is simply due to the direct effect of ed-
ucation spending on the productivity of human capital accumulation
(see: Eqs. 3 and 4). However, the impacts on pollution are most marked
when tax reform is accompanied by an increase in the share of public
spending on abatement (scenarios 3 and 6).

Table 3 only shows the long-term results, when the economy
reaches its new steady state. However, before achieving this steady
state, the different variables follow different transitional paths. The
analysis of the transition process can be useful for understanding the
transitional effects of these different policy scenarios. In order to
compute the transitional dynamics we log-linearize the dynamic sys-
tem (Eqs. (15)–(21)) to make the equations approximately linear in
the log-deviations from the steady state.10 After doing this, we solve
the recursive equilibrium lawofmotion via anundetermined coefficient
method. Starting from this solution, the time series can easily be
reconstituted from the initial steady state (SS0). We summarize all
transitional dynamics using two sets of figures. Figs. 1 and 2 show the
different transitional dynamics generated by the different scenarios of
tax reform presented above. In each figure we plot the trajectory of
some key variables (g, P, h, u, c/y and z/y) to highlight the economic
mechanisms that come into effect after the implementation of each sce-
nario. The simulation of the transitional dynamics starts in period t=0,
where the government, without forewarning, implements an environ-
mental tax reform. Each policy scenario shocks the initial steady state
(SS0) and induces an instantaneous reaction for all economic variables.
These reactions show the transitional dynamics within the economy
before reaching a new steady state.

In thefirst set of figures (Fig. 1),we simulate the transitional dynam-
ics induced by tax Reform 1 with and without changes in the composi-
tion of public spending. The second set of figures (Fig. 2) concerns
Reform 2. We note several differences in transitional dynamics, which
lead us to study the transitional effects of tax reforms. The pace at
which the economy reaches the new steady state is the result of the
interaction betweenmany economic trade-offs. Clearly, transitional dy-
namics reflect three main mechanisms. Firstly, there is a crowding-out
effect caused by the implementation of the environmental tax. The
implementation of the environmental tax can be considered as a levy
on the resources available within the economy. Thus, with increased
government spending, the consumption proportion of GDP declines.
Secondly, a factorial reallocation effect occurs, which changes the inten-
sity of physical capital and/or human capital in the final product. This
mechanism is enhanced by reducing one of the two distortionary
taxes. Third, a reallocation of the available time takes place leading to
an increase in time devoted to education. Let us note the differences be-
tween the transitional dynamics of the two tax reforms. Although the
transitional-term variations have the same sign, their magnitude is
quite different.

Interestingly, when the government uses environmental tax
revenue to reduce taxation on wages (Reform 1), the economy experi-
ences an immediate sharp decrease in growth, regardless of the scenario
considered (Fig. 1.a). However, the use of environmental tax revenue to
reduce taxation on profits (Reform 2) delivers an immediate increase in
growth (Fig. 2.a). These opposite effects on growth can be explained by
the mechanisms of resource reallocation during the transition dynam-
ics. Indeed, the transitional dynamics of the human capital stock per
unit of physical capital (h) reflects the factor substitutability, making
production more or less intensive in its use of human capital. Apart
from scenarios 4 and 6, h grows monotonically (Figs. 1.c and 2.c). The
reason for this is that in Reform 2, the tax burden on physical capital is
reduced, thereby disadvantaging its substitution in favor of human cap-
ital. However, the opposite effect occurs if the reform is associated with
increased spending on education (Reform 5).



11 We tolerate a difference between kT and k2 smaller than 10−10.

Fig. 1. Transitional dynamics related to tax reform 1.
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The effect on the consumption share of GDP (c/y) during the transi-
tionmay be positive in the cases of scenarios 4 and 6 (Figs. 1.e and 2.e).
However, in the other scenarios the crowding-out effect on consump-
tion is observed during the transition. Indeed, c/y decreases immediate-
ly and then increases, to progressively reach its new steady state value.
Similar but opposite effects are observed for working time (u) (Figs. 1.f
and 2.f). Unsurprisingly, we observe the same path for pollution and for
the share of GDP on public spending (z/y) for all scenarios (Figs. 1b, 2.b,
1.e and 2.e).

5. Welfare analysis

The task at hand is to provide ameasure of thewelfare cost associated
with our policy scenarios. To achieve this goal,we differentiatewelfare as
transitional welfare (also referred to as transitional-termwelfare)W1→2

corresponding to the economy's transition from (BC) to a new steady
state (NSS), and W2 welfare related to the NSS. In order to obtain a
numerical result, we suppose that the transition from a steady state to
another state is achieved within a finite number of periods, and we sim-
ply denote T as the date at which we consider that the economy has
reached its new rest point.

The total welfare associated with the environmental policy change
WTot is equal to the sum of utility flows, from t = 0 to ∞, which can be
written as the sum of W1→2 and W2:

WTot ¼ W1→2 þW2: ð24Þ
Note that the economy converges only asymptotically to the steady
state, and we therefore truncate the transitional dynamics in the
effective computation at the horizon T. This horizon is chosen so that
for all t N T, the difference between the value of physical capital stock
at T (kT) and its value at NSS (k2) is numerically very small.11

Formally, the transitional welfare can bewritten (see Appendix E for
detailed calculations):

W1→2 ¼
XT
t¼0

βt log ct þ
Xt−1

i¼0

log gið Þ−ϕP log Pt

" #
: ð25Þ

The welfare related to the NSS is given by:

W2 ¼ βT¼1

1−β
log c2 þ

XT
i¼0

log gið Þ−ϕP log P2 þ
β log g2
1−β

" #
ð26Þ

and by using Eq. (23) the welfare related to the BC steady state is given
by

W1 ¼ log c1−ϕP log P1

1−β
þ β log g1

1−βð Þ2 : ð27Þ



Fig. 2. Transitional dynamics related to tax reform 2.

Table 6
Long-term effects of policy scenarios.

ϕp = 0.1 ϕp = 1 ϕp = 4.5
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We now turn to the assessment of the welfare cost implied by the
different policy scenarios.12 We compare the implications of three
situations:

(i) First, the economy starts on the benchmark steady-state (with-
out environmental tax). Using Eq. (27), it is a straightforward
computational task to derive the permanent consumption flowec1 associated with W1:

ec1 ¼ exp 1−βð ÞW1−
β

1−β
log g1 þ ϕ log P1

� 	
: ð28Þ

(ii) Second, the economy starts on the benchmark steady state, but
the government introduces an environmental tax in t = 0.
Then the economy experiences a transition before asymptotical-
ly reaching a new steady-state. Using Eq. (24), we deduce that
the associated permanent consumption flow is ec2:
ec2 ¼ exp 1−βð ÞWTot− β

1−β
log g1 þ ϕP log P1

� 	
: ð29Þ
12 Conceptually, we adapt a method developed by Lucas (1990). For a detailed descrip-
tion of the method see Gomme (1993).
(iii) Third, the economy is instantly on its new steady-state implied
by the environmental policy. Using Eq. (24), we deduce the asso-
ciated permanent consumption flow ecrp� �

.

ecrp ¼ exp 1−βð ÞW2−
β

1−β
log g1 þ ϕP log P1

� �
: ð30Þ

Comparing situations (i) and (ii) gives the correct evaluation of the
long-run welfare cost λ, as the proportion of benchmark income (y1)
that agents would be willing to sacrifice to stay in the initial steady
state, rather than to experience a transition to the new steady state
induced by the public policy. Let:

λ ¼ ec1−ec2
y1

: ð31Þ
λ λdyn λ λdyn λ λdyn

Tax Reform 1 Scenario 1 −0.020 1.1774 −0.025 2.587 −0.042 6.752
Scenario 2 −0.143 3.591 −0.148 3.926 −0.170 7.111
Scenario 3 −0.035 1.898 −0.049 2.697 −0.108 6.769

Tax Reform 2 Scenario 4 −0.038 1.773 −0.042 2.581 −0.058 6.738
Scenario 5 −0.161 3.580 −0.166 3.911 −0.186 7.093
Scenario 6 −0.053 1.898 −0.067 2.691 0.126 6.754
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λ is the welfare loss (gain) of switching from the benchmark steady
state to the new steady state. In this case, transient movements are
correctly taken into account.

Comparing cases (i) and (iii) gives the (incomplete) evaluation of
the long-run welfare cost λrp, as the amount of income that agents
would be willing to sacrifice to stay in the initial steady state rather
than being located instantly on the balanced-growth path defined by
the policy scenario. This cost is measured by

λrp ¼ ec1−ecrp
y1

ð32Þ

λrp is the welfare loss of switching from the benchmark steady-state to
the new one, without undergoing any transient movements, which
consequently are omitted from this calculation.

The residual amount of welfare costs due to transitional effects is
deduced from Eqs. (31) and (32). Let

λdyn ¼ λ−λrp ¼ ecrp−ec2
y1

: ð33Þ

We now propose to compute total and transitional welfare costs
(λ, λdyn) for the six policy scenarios studied previously. Our results are
reported in Table 6. We vary ϕP in an admissible set of values (0.1;
1; 4.5). All scenarios present a negative welfare cost in the long
term, which means that all of the tax reforms led to a welfare benefit
in the long term, regardless of the spending policy being pursued.
These welfare benefits are more important for tax reforms that are
coupled with a change in the public spending structure (scenarios
2, 3, 5 and 6). The best results in terms of long run welfare gain are
obtained in the cases where the tax reform is associated with an in-
crease in the share of public expenditure on education. We also
note that given the low value that households place on environmen-
tal quality, the size of this welfare gain is very small. As can be seen in
Table 4, the welfare gain in the long run increases with the pollution
weight in preferences. In economies with a heightened awareness of
environmental degradation, the welfare gain related to tax reforms
may be more important.

However, during the transient movements all scenarios present a
positive welfare cost. This cost is particularly important for scenarios 2
and 5. Tax reforms which aim to use the revenue from environmental
tax to reduce tax on profits and to increase the proportion of education
spending, have a relatively high cost during the transition period. It
should also be noted that λdyn rises with the increasing weight of the
pollution in the preferences under either of the above noted scenarios.

6. Conclusion

In this paper we have investigated the transient and long term
behavior of an economy in response to different environmental tax
reforms associated with a change in public spending structure. The en-
dogenous growth model a la Lucas is modified by including pollution
flow as an externality, which affects both preferences and human capi-
tal accumulation. We also introduce an explicit trade-off between two
types of public spending: education spending and abatement expendi-
ture. This framework has allowed us to shed light on the mechanism
of resource reallocation within the economy and, also, to investigate
the responsiveness of growth and welfare to different policy scenarios.

The analysis shows that environmental tax reformsmay have a pos-
itive impact on growth andwelfare in the long run. Moreover, we show
that, regardless of spending policy, reducing tax on wages has a more
positive impact on growth than cutting tax on profits. Nevertheless,
the welfare effect depends on the parameters of themodel, particularly
the relative effects that expenditure on education or on reducing
pollution have on the accumulation of human capital. When environ-
mental tax reform is associated with a change in the structure of public
spending, the effects on growth and welfare remain positive, but their
magnitude changes. While increasing education spending has a greater
impact on stimulating growth, the increase in abatement spendingmay
give the best results in terms of welfare, especially if the effect of
pollution on learning is greater than the effect of increased education
spending on the productivity of human capital accumulation.

Such analytical results relate to long-term effects and do not reflect
what happens during the transition period. Based on a numerical
approach, we quantified the growth and welfare effects of six policy
scenarios combining tax reforms and changes in the public spending
structure. While all of these scenarios were found to have a positive ef-
fect on long-term growth, their transitional dynamics do not necessarily
show a positive effect on growth. This is particularly the case when
public policy does not favor the accumulation of human capital (for
example, reducing the tax on profits without an associated increase in
education spending).

Moreover, we have conducted an analysis of thewelfare cost associ-
ated with our different policy scenarios. We dissociate the long term
welfare cost and the welfare cost related to the transition dynamics.
This distinction allowed us to highlight the trade-off between transient
and long-term effects related to each policy scenario.While all scenarios
have a welfare gain in the long term, they present a relatively high
welfare cost during the transition. This is particularly the case when
the policy scenario favors education spending.

It is worth noting that the size of welfare gain is very small in abso-
lute terms and the transitional welfare cost is relatively high. Our results
suggest that the welfare gain may not after all be a strong argument in
favor of the implementation of green tax reform. Our analysis does
suggest however that policymakers who are contemplating a green
tax reform should give serious consideration to how the extra revenue
should be recycled. The best results in terms of long-run welfare gain
may be obtained when tax reforms are associated with a change in
the allocation of public spending.

Obviously, our results have several limitations. For example what
would happen when the government has to pay interest payments on
outstanding debt? In many countries, debt repayment is a major public
expenditure that should compete with other expenditures. This ques-
tion is left for further examination.

Appendix A. Steady state solutions

The steady-state values y, c, u and g are obtained by eliminating the
index t from the system (Eqs. (15)–(19)) and by substituting out y and P
from Eqs. (20)–(21). The steady state system is given by the following
equations:

g ¼ 1þ 1−Λð Þy−c ðA1Þ

g ¼ eB 1−θð ÞΛ½ �ξ 1−uð Þ þ 1− η
θΛð Þμ ðA2Þ

g ¼ β 1þ 1−τP
� �

1−τK
� �

αy
h i

ðA3Þ

g ¼ β 1þ eB 1−θð ÞΛð Þξ− η
θΛð Þμ

� 	
ðA4Þ

where Λ ¼ z
y ¼ τKα þ τH 1−αð Þ

h i
1−τP
� �

þ τP . From Eq. (21), we

obtain. P = (θΛ)−μ Eq. (A2) gives directly the steady state growth rate
of the economy, which depends only on the parameters of the model,
including policy parameters. Using Eqs. (A3) and (A4), we deduce that

y� ¼
eB 1−θð ÞΛð Þξ−η θΛð Þ−μ−δH

α 1−τK
� �

1−τP
� � : ðA5Þ
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From Eqs. (A3) and (A4), we obtain

u� ¼ 1−βð Þ 1þ 1−δH−η θΛð Þ−μeB 1−θð ÞΛ½ �ξ

( )
: ðA6Þ

By using Eqs. (A1)–(A6), we can easily deduce the values of c⁎ and
h⁎.

Appendix B. Comparative statics

This appendix derives the comparative static results cited in Table 1.
The partial derivatives of Λ with respect to τP, τK and τK are all positive
and given by

∂Λ
∂τp ¼ 1− τKα þ τH 1−αð Þ

h i
;

∂Λ
∂τK

¼ α 1−τp
� �

;
∂Λ
∂τH

¼ 1−αð Þ 1−τp
� �

:

ðB1Þ

FromEq. (A4),we deduce the partial derivative of g*with respect toΛ:

∂g�

∂Λ ¼ β ξθ1eB θ1Λð Þξ−1 þ μηθ2 θ2Λð Þ−μ
h i

N0:

As ∂g
∂ΛN0, we obtain ∂g

∂τP ¼ ∂g
∂Λ

∂Λ
∂τP N0,

∂g
∂τK ¼ ∂g

∂Λ
∂Λ
∂τK N0 and ∂g

∂τP ¼ ∂g
∂Λ

∂Λ
∂τH N0.

The partial derivatives of g*with respect to θ1 and θ2 are respectively
given by:

∂g�

∂θ1
¼ βξΛeB θ1Λð Þξ−1

N0 and
∂g�

∂θ2
¼ βμηΛ θ2Λð Þ−μ−1

N0 :

From Eq. (A3), we deduce y� ¼
g�
β−1

1−τKð Þ 1−τpð Þα.
Thus, the partial derivatives of y* with respect to Λ, τH, τP and τK are

given by ∂y�
∂Λ ¼ 1

β
∂g�
∂Λ N 0; ∂y�

∂τH ¼ 1
β
∂g�
∂τH N 0; ∂y�

∂τP ¼
1
β
∂g�
∂τp α 1−τpð Þ½ �þ g

β−1½ � 1−τKð Þα½ �
1−τKð Þ 1−τpð Þα½ �2 N0

and ∂y�
∂τK ¼

∂g�
∂τp 1−τpð Þα½ �þ g

β−1½ � 1−τpð Þα
1−τKð Þ 1−τpð Þα½ �2 N0.

The partial derivative of y⁎with respect to θ1 and θ2 are respectively
given by ∂y�

∂θ1 ¼
1
β
∂g�
∂θ1 N0 and ∂y�

∂θ2 ¼
1
β
∂g�
∂θ2 N0.

Computation of the derivatives of u⁎makes use of Eq. (A6).We obtain
∂u�
∂Λ ¼ 1−βð ÞeB θ1Λ½ �ξ

μη
Λ P þ ηP−1½ �ξθ1eB θ1Λ½ �−1

n o
; ∂u�

∂θ1 ¼ 1−βð ÞeB θ1Λð Þξ
−ξΛ 1−ηPð ÞeB θ1Λð Þ−1
h i

and ∂u�
∂θ2 ¼ 1−βð Þ μΛη θ2Λð Þ−μ−1eB θ1Λð Þξ

N0.

By assuming ηP N 1 (which requires η N (θ2Λ)μ), we obtain ∂u�
∂Λ N0 and

∂u�
∂θ1 N0.

The partial derivative of c⁎ with respect to Λ is given by ∂c�
∂Λ ¼

1−Λð Þ 1
β−1

h i
∂g�
∂Λ −y�. By assuming β N 1 − Λ (this limitation is consis-

tent with empirical observations), we deduce that ∂c�
∂Λ b0. Hence, we ob-

tain ∂c
∂τp ¼ ∂c

∂Λ
∂Λ
∂τP b0;

∂c
∂τK ¼ ∂c

∂Λ
∂Λ
∂τK b0 and ∂c

∂τH ¼ ∂c
∂Λ

∂Λ
∂τH b0 . The partial

derivative of c⁎ with respect to θ1 is given by ∂c�
∂θ1 ¼

1−Λ
β −1

h i
∂g�
∂θ1 b0,

since β N 1 − Λ. The partial derivative of c⁎ with respect to θ2 is given

by ∂c�
∂θ2 ¼

1−Λ
β −1

h i
∂g�
∂θ2 b0, since β N 1 − Λ.

Appendix C. Growth effects of tax and spending policies

Totally differentiating the equilibrium growth rate (Eq. (A4)) and di-
viding by the positive change in the environmental tax (dτP N 0), yields

dg
dτP

¼ ∂g
∂Λ

∂Λ
∂τP

þ ∂Λ
∂τK

dτK

dτP
þ ∂Λ
∂τH

dτH

dτP

" #
þ ∂g
∂θ1

dθ1
dτP

þ ∂g
∂θ2

dθ2
dτP

: ðC1Þ
C.1. Proof of proposition 1

– In the case of spending policy 1, we have dτK = dτH = dθ2 = 0 and
dθ1 N 0. Hence Eq. (C1) yields dg

dτP ¼ ∂g
∂θ1

dθ1
dτP ¼ ξΛeB θ1Λð Þξ−1 dθ1

dτP N0.
– In the case of spending policy 2, we also have dτK = dτH = dθ1 = 0

and dθ2 N 0. Hence Eq. (C.1) yields dg
dτP ¼ ∂g

∂θ2
dθ2
dτP ¼

ημΛ θ2Λð Þ−μ−1 dθ2
dτP N0:

By comparing between the results of both spending policies and as-
suming that dθ1 = dθ2, we obtain

dg�

dτP
dθ1N0
dθ2 ¼ 0





 − dg�

dτP
dθ2N0
dθ1 ¼ 0





 ¼ ξΛeB θ1Λð Þξ−1−ημΛ θ2Λð Þ−μ−1
� � dθ1

dτP
:

ðC2Þ

The sign of Eq. (C2) depends on the difference between the effect of

education spending on human capital productivity i:e:ξΛeB θ1Λð Þξ−1
� �

and the effect on health of reducing pollution (i. e. ημΛ(θ2Λ)−μ − 1).

C2. Proof of proposition 2

In the case of Reform 1, we have dτK = dθ1 = dθ2 = 0 and dτH b 0.
Hence Eq. (C1) yields dg

dτP ¼ ∂g
∂Λ

∂Λ
∂τP þ ∂Λ

∂τH
dτH
dτP

h i
. As ∂g

∂ΛN0 and ∂Λ
∂τP þ ∂Λ

∂τH
dτH
dτP ¼

dΛ
dτP N0, we deduce dg

dτP N0.
In the case of Reform 2, we have dτH = dθ1 = dθ2 = 0 and dτK b 0.

Hence Eq. (C1) yields dg
dτP ¼ ∂g

∂Λ
∂Λ
∂τP þ ∂Λ

∂τK
dτK
dτP

h i
. As ∂g

∂ΛN0and
∂Λ
∂τP þ ∂Λ

∂τK
dτK
dτP ¼ dΛ

dτP

N0, we deduce dg
dτP N0.

By comparing between the results of both reforms and assuming
that dτH = dτK, we obtain

dg�

dτP
dθ1 ¼ dθ2 ¼ 0; dΛN0
dτHb 0; dτK ¼ 0





 − dg�

dτP
dθ1 ¼ dθ2 ¼ 0 dΛ N 0
dτKb 0; τH ¼ 0






¼ ∂g

∂Λ
∂Λ
∂τH

− ∂Λ
∂τK

� �
dτH

dτP
: ðC3Þ

By substituting Eq. (B1), we deduce from Eq. (C3) that

dg�

dτP
dθ1 ¼ dθ2 ¼ 0; dΛ N 0
dτHb 0; dτK ¼ 0





 − dg�

dτP
dθ1 ¼ dθ2 ¼ 0; dΛ N 0
dτK b 0; τH ¼ 0






¼ ∂g

∂Λ
dτH

dτP
1−2αð Þ 1−τP

� �
N0: ðC4Þ

The sign of Eq. (C4) depends on the value of α with respect to 1/2.
According to the empirical literature, we assume that α b 1

2.

Appendix D. Welfare effects of tax and spending policies

D.1. Proof of proposition 3

– In the case of spending policy 1, we have dτK = dτH = dθ2 = 0 and
dθ1 N 0. Totally differentiating the welfare (Eq. (23)), using ∂P

∂θ1 ¼ 0

and dividing by the positive change in the environmental tax
(dτP N 0), we obtain

dW
dτP





dθ1N0;
dθ2¼0

¼ ∂W
∂c

∂c
∂θ1

þ ∂W
∂g

∂g
∂θ1

dθ1
dτP

� �
dθ1
dτP

: ðD1Þ

Substituting the derivatives ofWwith respect to c and g, and the de-
rivative of c with respect to θ1, Eq. (D1) yields

dW
dτP

dθ1N0;
dθ2 ¼ 0





 ¼ 1
1−β

1−Λ−β
β

� �
1
c
þ β
1−β

1
g

� 	 ∂g
∂θ1

dθ1
dτP

: ðD2Þ
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As ∂g
∂θ1 N0 and dθ1

dτP N0, we have dW
dτP

dθ1N0;
dθ2 ¼ 0





 N0 if 1−Λ−β
β

� �
1
c þ β

1−β
1
g N0,

which requires gN β2

βþΛ−1ð Þ 1−βð Þ c. By assuming 1 − Λ − β b 0 and β N 1

− β, we have β2

1−βð Þ βþΛ−1ð ÞN1. Thereby, a positive welfare effect dW
dτP

dθ1N0;
dθ2 ¼ 0





 N0 requires that the long run growth rate (g) be sufficiently

higher than the stationary level of consumption (c).

– In the case of spending policy 2, we have dτK = dτH = dθ1 = 0 and
dθ2 N 0. Totally differentiating thewelfare (Eq. (23)) and dividing by
the positive change in the environmental tax (dτP N 0), we obtain

dW
dτP

dθ2N0;

dθ1 ¼ 0






 ¼ ∂W
∂c

∂c
∂θ2

þ ∂W
∂g

∂g
∂θ2

dθ2
dτP

þ ∂W
∂g

∂P
∂θ2

dθ2
dτP

� �
dθ2
dτP

: ðD3Þ

Substituting the derivatives of W with respect to c, g and P, and the
derivative of c with respect to θ1, Eq. (D1) yields

dW
dτP

dθ2N0;

dθ1 ¼ 0






 ¼ 1
1−β

1
c

1−Λ−β
β

� � ∂g
∂θ2

þ β
1−β

1
g
∂g
∂θ2

þ ϕp
μ
θ2

� 	
dθ2
dτp

ðD4Þ

dW
dτP

dθ2 N
0
;

dθ1 ¼ 0








 N 0⇔
β

1−β
1
g
−Λþ β−1

β
1
c

� 	 ∂g
∂θ2

þ ϕp
μ
θ2

N 0: ðD5Þ

By comparing the results of both spending policies and assuming
that dθ1 = dθ2, we obtain

dW
dτP

dθ2N0;

dθ1 ¼ 0






 − dW
dτP

dθ2N0;
dθ1 ¼ 0






¼ 1

1−β
1
c

1−Λ−β
β

� �
þ β
1−β

1
g

� 	 ∂g
∂θ2

− ∂g
∂θ1

� �
þ ϕp

μ
θ2

� �
dθ2
dτp

: ðD6Þ

Note that ∂g
∂θ2 −

∂g
∂θ1 ¼ β θ2μη θ2Λð Þ−μ−1−ξθ1eB θ1Λð Þξ−1

� �
.

Thus dW
dτP

dθ2N0;

dθ1 ¼ 0







 − dW
dτP

dθ2N0;

dθ1 ¼ 0







 ; If θ2μη θ2Λð Þ−μ−1Nξθ1eB θ1Λð Þξ−1.

D.2. Proof of proposition 4

– In the case of reform 1, we have dτK = dθ1 = dθ2 = 0 and dτH b 0.
Thus Eq. (D.1) yields

dW
dτP

dτ
H
b0;dΛN0

dτK ¼ 0







 ¼ ∂W
∂c

∂c
∂Λþ ∂W

∂g
∂g
∂Λþ ∂W

∂P
∂P
∂Λ

� 	

� ∂Λ
∂τP

þ ∂Λ
∂τH

dτH

dτp

 !
: ðD7Þ

– In the case of reform 1, we have dτH = dθ1 = dθ2 = 0 and dτK b 0.
Thus Eq. (D.1) yields

dW
dτP

dτHb 0;d
ΛN0

dτK ¼ 0







 ¼ ∂W
∂c

∂c
∂Λþ ∂W

∂g
∂g
∂Λþ ∂W

∂P
∂P
∂Λ

� 	

� ∂Λ
∂τP

þ ∂Λ
∂τK

dτK

dτp

 !
: ðD8Þ

As ∂Λ
∂τP þ ∂Λ

∂τK
dτK
dτp N0, the sign of Eq. (D1) depends on ∂W

∂c
∂c
∂Λ þ ∂W

∂g
∂g
∂Λ þ ∂W

∂P
∂P
∂Λ . The effect of tax reforms on welfare acts through consumption,

growth and pollution. If the effects on growth ∂g
∂Λ þ ∂g

∂θ2

� �
∂W
∂g N0

� �
and

pollution − ∂P
∂Λ þ ∂P

∂θ2

� �
∂W
∂P N0

� �
offset the negative effect on consumption
∂c
∂Λ þ ∂c

∂θ2

� �
∂W
∂c b0

� ��
, tax reforms improve welfare, i.e., dWdτP

dτH
b0;dΛN0

dτK ¼ 0







N0 and dW

dτP

dτHb0;dΛN0

dτK ¼ 0






 N0.

By comparing the results of both reforms and assuming that dτH =
dτK, we obtain

dW
dτP

dτH b 0;dΛ N
0

dτK ¼ 0








 − dW
dτP

dτH b 0;dΛ N
0

dτK ¼ 0









¼ ∂W

∂c
∂c
∂Λþ ∂W

∂g
∂g
∂Λþ ∂W

∂P
∂P
∂Λ

� 	
2α−1f g 1−τp

� �dτH
dτp

ðD9Þ

dW
P





dτHb0;dΛN0
K

− dW
P





dτHb0;dΛN0
K

N0⇔αN
1
2
: ðD10Þ
dτ dτ ¼0 dτ dτ ¼0

Appendix E. Transitional welfare cost

The economy reaches NSS at t = T + 1. We have the following
expression of W2

W2 ¼
X∞

t¼Tþ1

βt log Ct−ϕp log Pt

� �
ðE1Þ

W2 can also be written as follows

W2 ¼ βTþ1X∞
i¼0

βi log CTþ1þi−ϕp log Pt

� �
ðE2Þ

where

∀t≥T þ 1;Ct ¼ c2Kt−1⇒∀i≥0;CTþ1þi ¼ c2KTþi
∀t≥T þ 1;Kt ¼ g2Kt−1⇒∀i≥0;KTþ1þi ¼ g2KTþi:

The economy reaches NSS at t= T+1. NSS's capital stock inherited
from previous decisions is KT. Thus KTþ1 ¼ g2KT ; KTþ2 ¼ g22KT ;…;

KTþi ¼ gi2KT . Consumption expression writes CT + 1 + i = c2g2
i KT and

W2 can be written

W2 ¼ βTþ1X∞
i¼0

βi log c2g
i
2KT

� �
−ϕp log P2

h i
¼ βTþ1

1−β
log c2 þ log KT−ϕp log P2 þ

β log g2
1−β

� 	
:

Note thatKT is inherited from the transitional dynamics. Thus,wehave
K0= g0K−1, K1= g1g0K−1, KT= gTgT − 1… g1g2K−1. More elegantly, one
can write

log KTð Þ ¼ log ∏
T

i¼0
gi

� �
þ log K−1ð Þ ¼

XT
i¼0

log gið Þ: ðE3Þ

Thus, the final expression ofW2, is given by

W2 ¼ βTþ1

1−β
log c2 þ

XT
i¼0

log gið Þ−ϕp log P2 þ
β log g2
1−β

" #
: ðE4Þ

We have the followingW1→2 expression:

W1→2 ¼
XT
t¼0

βt log ctKt−1ð Þ−ϕP logPtð Þ: ðE5Þ
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By using log(Kt) = log(∏i = 0
t gi) + log(K−1) = ∑i = 0

t log(gi), we
deduce

W1→2 ¼
XT
t¼0

βt log ctð Þ þ
Xt−1

i¼0

log gið Þ−ϕP log Pt

" #
: ðE6Þ
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