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Abstract

This paper explores how ar environmental tax reform impacts pollution, economic
growth and welfare in an endogenous growth model with pre-existing tax distortions.
We find that a shift in the tax mix away from output taxes towards pollution taxes
may raise economic growth through two channels. The first channel is an en-
vironmental production externality, which determines the positive effect of lower
aggregate pollution on the productivity of capital. The second channel is a shift in the
tax burden away from the net return on investment towards prefits. The paper also
shows that the optimal tax on pollution may exceed its Pigovian level if tax-shifting
towards profits is large and production externalities are important.

Keywords: Environmental externalities; Economic growth; Double dividend; Second
best; Pollution taxes

JEL classification: H23; O41; Q28

1. Introduction

The link between environmental policy and economic performance is a
controversial issue. Some people argue that society faces a trade-off
between economic growth and a better quality of the environment. Others,

* Corresponding author: A.L. Bovenberg, Netherlands Bureau of Economic Policy Analysis
(CPB), P.O. Box 80510, 2508 GM The Hague, The Netheriands. Tel. + 31 70 338 3400; Fax +
31 70 338 3350; email bovenberg@cpb.nl.

0047-2727/97/$17.00 © 1997 Elsevier Science S.A. AR rights reserved
PII §0047-2727(96)01596-4



208 A.L. Bovenberg, R.A. de Mooij | Journal of Public Economics 63 (1997) 207-237

in contrast, maintain that a more ambitious environmental policy is a
necessary condition for sustainable economic growth. In this connection,
environmental taxes secem to be a particularly attractive instrument to
enhance environmental quality without scriously damaging growth pros-
pects. In particular, by increasing taxes on dirty activities and using the
proceeds to cut distortionary taxes on income, governments may be able to
reap a ‘double dividend,’ namely, not only a cleaner environment but also a
less distortionary tax system, thereby stimulating economic growth.

This paper extends the literature on environmental tax reform in two
directions. First, the analytical literature has thus far explored the double
dividend issue only in a static framework (see e.g. Ulph (1992), Bovenberg
and De Mooij (1994ab), Bovenberg and Van der Ploeg (1994ab), Qates
(1995), Parry (1995) and Schdb (1994)). Numerical analyses have employed
an intertemporal framework with exogenous growth (see e.g. Goulder
(1995a) and Proost and Van Regemorter (1995)). We, in contrast, employ a
dynamic model of endogenous growth, which builds on the endogenous
growth mode! of Barro (1990), to analytically explore the link between
environmental externalities and distortionary income taxes, which reduce
growth below its firsi-best level.

A second contribution of the paper is to model the environment as a
public production factor by incorporating the positive effects of a high
quality of the environment on the productivity of private inputs into
production. Empirical evidence suggests that pollution causes serious
productivity losses both in industrialized countries (see, e.g., Alfsen,
Brendemoen and Glomsrad (1992), Brendemoen and Vennemo (1994), and
Bailard and Medema (1993)) and in developing countries (see e.g. Van
Ewijk and Van Wijnbergen (1995)). Previous analyses of the double-divi-
dend issue have abstracted from externalitics affecting production by
modelling the eavironment as a public consumption good. We show that the
incorporation of production externalities makes a double dividend more
likefy.

Our paper is also closely related to the literature on pollution and
long-term growth (see e.g. Bovenberg and Smulders (1995), Den Butter and
Hofkes (1993), Gradus and Smulders (1993), and Ligthart and Van der
Ploeg (1993)). This literature focuses on optimal environmental policies and
explores how the social optimum can be sustained in a decentralized
economy. Our analysis departs from this first-best world in two major ways.
First, we explore the consequences of a reform of the tax system, starting
from an initial equilibrium that is not necessarily optimal. Second, in
addition to market failures associated with environmental externalities, we
atlow for tax distortions due to the absence of lump-sum taxation. Hence,
the interaction between environmental externalities and distortionary taxes
is explored in a second-best world. In this connection, not only do we
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investigate the consequences of an environmental tax reform but we also
show how, in the presence of distortionary taxes, the optimal environmental
tax deviates from the Pigovian tax.

Whether an environmental tax reform produces a second, non-environ-
mental dividend in addition to the boost of environmental quality depends
on how such a reform impacts the growth rate. In particular, by driving a
wedge between the marginal social costs and benefits of capital accumula-
tion, distortionary income taxes reduce economic growth below its first-best
level. Accordingly, a reform that boosts growth alleviates the deadweight
foss from the distortionary income tax. In this way, an environmental tax
reform may yield a double dividend, i.e. not only an increase in welfare
from environmental amenities but also -1 increase in welfare from private
commodities (so-called private welfare)'.

We find that an environmental tax reform harms growth, and hence
private welfare, if two conditions are met. First, the positive externality of a
better environmental quality on productivity should be small compared to
the production elasticity of pollution as a rival input into production.
Second, substitution between pollution and other inputs should be rather
easy. If these two conditions are met, the government faces a trade-off
between, on the one hand, environmental care and, on the other hand,
economic growth and private welfare. If substitution between pollution and
other inputs is difficult, pollution taxes are less powerful in cutting pollution.
At the same time, however, they are a more effective device to tax the
quasi-rents from pollution, thereby generating revenues to reduce the
distortionary tax on output. Accordingly, an environmental tax reform may
raise growth and thus private welfare by enhancing the efficiency of the tax
system as a revenue-raising device. A double dividend may emerge also if
the production externality is relatively powerfui.

In a second-best world with distortionary taxes, the optimal environmen-
tal tax generally deviates from the Pigovian tax. We show that the optimal
environmental tax lies below the Pigovian level if substitution between
pollution and capital is relatively easy. However, if substitution is more
difficult, the optimal poliution tax may exceed the Pigovian level.

The rest of this paper is organized as follows. Section 2 discusses the
model. Section 3 explores the effects of pollution taxes on growth, en-
vironmental quality and welfare for the case that the substitution elasticity

' Goulder (1995b) provides a survey of the theoretical and empirical double dmdend
literature. Our definition of the double dividend (i.e. i in both envir I and
private welfare) cor ds to Goulder’s of the ‘strong’ version of the double

P P
dividend. According to Goulder’s terminology, a ‘weak” double dividend implies that

tax revenues through cuts in distortionary taxes leads to higher welfare compared to recycling
these revenues through lower lump-sum taxes.
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between capital and poliution equals unity. The case with small substitution
possibilities between capital and pollution is investigated in section 4.
Finally, section 5 concludes.

2. The model

In endogenous growth models, man-made commodities grow at endogen-
ous growth rates while other inputs are constant. In our model, growth in
output is sustainable because it is consistent with a fixed level of en-
vironmental quality.” Indeed, after a policy shock, the economy immediately
moves towards a so-called balanced growth paih on which all man-made
goods grow at the same rate while natural variables, including the quality of
the environment, remain at a constant level. Transitional dynamics in the
ratios between the man-made variables are absent because the model
includes only one type of asset, namely capitai.

Balanced, sustainable growth should be both feasible and optimal. For
growth to be feasible, the production function must meet the so-called ‘core’
property (see Rebeio {1991)) according to which capital is produced with a
constant-returns technology in man-made inputs. Moreover, for the natural
inputs to play a non-trivial role in the long run, various substitution
elasticities must be unity. The requirement that balanced growth with a
constant level of environmental quality not only be feasible but also ovptimal
imposes restrictions on the utility function (see below). The rest of this
section presents the model in more detail. The model equations are
contained in table 1. Notation is explained at the end of the table.

Table 1
The model in levels

Firms
Production function
Y = fim(K, S). n(A, P)IE”

(L1)
where n(A,P)=AP”

Firm Value
*

V= I De"dt 1.2)

3

? In most endogenous growth models, the inputs that are not man-made take the form of raw
iabor. In our model, however, these inputs are supplied by nature. For another endogenous
growth model in which growth of output is sustainable, i.e. consistent with a constant level of
eavironmental quality, see Gradus and Smulders (1993).
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Dividends

D=(1-T)Y-(1-T)A-T,P-1

Investment
I=K

Profits
W=D+[-rK

First-Order Conditions

Y
(A-T)34=0U-T)

aY
(l_Ty)F};=Tp

Y
a-T)zx=r

Households
Utility

x 1
CEO I‘;
vo [Ty,

o j-—
o

Household Budget Constraint
K=rK+W-C

First-Order Condition

-g' =o{r—8)
Government
Government Budget Constraint
TY+TP=TA+S
Exwironmental Quality
E=e(P)

Walras Law
Goods-market equilibrium

I=sY-S-A-C
Exogepous: T, T,, S, K,

Endogenous: Y.P, A, V.D.ILW,C. T, E.r. =«

Growth rate

(L3

(1.4)

(L5

(L.6)

L7

(1.8)

(L.9)

(1.10)

(L1}

{1.12)

{1.13)

(L.18)
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Novation

Y = output K = capital stock

S = public investment A = abatement spending

P = pollution I = investment in private capital
V= value of the firm D = dividends

C = private consumption W= profits

E = quality of the environment T, = tax on output

T, = abatement subsidy T, = pollution tax

r = interest rate « = growth rate

Farameters

7 = environmental externality parameter in production

¢ = environmental externality parameter in utility

o = intertemporal substitution elasticity

@ = pure rate of time preference

g,, = substitution elasticity between private capital and public investment

o, = substitution elasticity between intermediates N = n(A,P) and M = m(K.§)

Production function

We extend the production technology in Barro (1990) and Barro and
Sala-i-Martin (1992) by including pollution, abatement, and environmental
quality as inputs into production. In particular, by using production
technology (I.1), firms combine thre~ private inputs with two public inputs
to produce output (¥) (sec figure 1). On the one hand, following Barro
(1990) and Barro and Sala-i-Martin (1992), physical capital (K) and prod-
uctive government spending (S), which can be thought of as infrastructure,
are combined to produce an intermediate input, M. The function m(K.,S)
exhibits constant returns to scale with respect to the two inputs. On the
other hand, by combining pollution (P)* and private abatement (A), firms
produce another intermediate input, N! The function n{(A,P) features
constant returns with respect to the man-made input of abatement. which, in
contrast to the natural input of pollution, is growing on a balanced-growth
path. Together with the public services from the environment (E)3, the two

* Alternatively, pollution can be modelled as an output (see, e.g., Van der Ploeg and
Withagen (1991), Gradus and Smulders (1993) and Smulders and Gradus (1995)). Siebert,
Eichenberger, Gronych and Pethig (1980) show that these two modelling approaches are
equivalent. In our model, pollution can be interpreted as a polluting input with zero extraction
costs. Emissions are proportional to this input.

* Abatement is assumed to be a private input, which enables firms to increase output without
causing more pollution. Other studies rake abatement as a public, rather than a private, input
(see e.g. Nielsen, Pedersen and Sereansen, 1995). In that case, abatement can be viewed as
knowledge about ‘clean’ production methods.

® pollution, P, can be viewed as the extractive, rival use of the environment. At the same
time, the environment, E, yields non-extractive, non-rival services as an input into production.
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intermediate inputs, N and M, yield output (Y), where the production
function f(M,N) exhibits constant returns with respect to M and N.

For balanced-growth to be feasible, the production function
must meet a number of restrictions® First, the production function must
meet the core property by exhibiting constant returns with respect to the
growing inputs:

s+B+y=1 2.1

where 8, 8 and ¥ denote the production elasticities of the growing inputs §,
K and A, respectively.

The second condition for balanced-growth is that the production elas-
ticities of the various inputs at the left-hand side (LHS) of (2.1), as well as
the production elasticity of pollution (ay), remain constant over time. This
imposes restrictions on the substitution possibilities between the various
inputs. In particular, on a sustainable growth path, the fiow of pollution (P)
is constant, while abatement (A) grows at the same rate as output. In the
face of these diverging growth rates, the production elasticities of pollution
and atatement (i.e. ay and y) remain constant only if the elasticity of
substitution between the non-growing input, P, and ti.e growing input, A,
equals unity. In particular, if substitution would be too casy (i.e. the
substitution elasticity > 1), the production elasticity of poliution would
approach zero as the growing input (abatement) would crowd out the
non-growing input (pollution). If substitution would be too difficult (i.c. the
substitution elasticity < 1), in contrast, the production elasticity of abate-
ment would go to zero because the marginal product of abatement would
fall substantially as the abatement-pollution ratio rises. For the same
reasons, the elasticity of substitution between f(N,M), which grows on the
balanced-growth path, and the quality of the environment, which remains
constant, should equal unity. Finally, the substitution elasticity between K
and S, denoted by a,,, as well as the substitution elasticity between M and
N, denoted by o,, should be constant. However, these elasticities are
aliowed to differ from unity as the arguments in m and f (i.e. K, $ and M,
N, respectively) grow at the same constant rate.’

Firm behavior

The modetl describes a decentralized economy with perfect competition. A

~ Smulders and Gradus (1995, sections 3 and 4) and Bovenberg and Smulders (1995. section
3) formally derive the necessary conditions for balanced growth.

"1f abatement would not enter the model, the substitution elasticity between (constant)
poliution and the (growing) imermediate input, M, would be restricted to unity (sec the
analysis in section 3). Incorporating abatemeni. thus enables us to examine alternative
substitution possibilities. Scction 4 indicates that this is potentialy important.
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¥ = £(M,N)E"
' I

£ E

Fig. 1. Production structure.

representative firm maximizes its value (I.2) with respect to abatement,
pollution and investment. It ignores the environmental production externali-
ty. The value of the firm amounts to the present value of all future
dividends, represented by (1.3). T, stands for a tax on output, T, represents
an abatement subsidy and 7, denotes a pollution tax. The interest rate,
denoted by - is constant on a balanced-growth path. We abstract from
depreciation of capital. Hence, the accumulation of capital (K) equals gross
investment (/) (see (L.4)).

Profits (W) in (1.5) are defined as dividends plus investment minus capital
costs” Positive profits can exist in equilibrium due to the presence of a fixed
factor (e.g., land, know how, managerial talent), which constitutes a barrier
for entering firms. Solving the maximization problem of the firm, we find the
implicit demand equations for private inputs (1.6), (I.7) and (1.8). These
expressions reveal that firms equalize the marginal productivity of private
inputs to their respective producer prices.

Household Behavior

A representative household maximizes an intertemporal utility function
(1.9) subject to a dynamic budget censtraint (I.10). Two arguments enter
instantaneous utility: private consumption (C) and the quality of the
environment (E).

*Non-negative firm profits (ie. 5,=(1—T7,)8—ay)=0) require that the production
elasticity of pollution at the firm level (ay) does not exceed the production elasticity of public
investment (§). With production featuring constant returns with respect to the growing inpats,
S, A and K (see (2.1)), the non-negativity condition for profits guarantees that the production
function does not exhibit increasing returns with respect to the ‘private’ inputs P, A and K.
Merger across firms is thus not beneficial and a petitive equilibrium can be sustained.
Hence, perfect competition is possible only if public infrastructure enters the production
function.
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The substitution elasticity between the growing variable, C, and the
quality of the environment, E, must be unity to ensure that balanced
sustainable growth is optimal from a social point of view, Intuitively, on a
balanced growth path, optimal saving rates and the optimal demand for
environmental services should not respond to output becoming more
abundant relative to environmental quality. This requires that the elasticity
of marginal utility U..C/U, be corstant. Moreover, the positive income
effect on the demand for environmental services, which is triggered by
output growth, exactly offsets the negative substitution effect on account of
a rising shadow price of environmental quality. If the substitution elasticity
were smaller than unity, the income effect would dominate the substitution
effect so that saving rates, and hence growth, would decline as produced
goods become more abundant relative to environmental quality. If the
substitution elasticity between C and £ would exceed unity, in contrast,
saving rates and hence growth rates would increase over time as the
substitution effect would dominate the income effect. In that case, produced
goods would substitute for environmental amenities in the long run so that
these amenities would not be relevant for long-run utility (see Smulders and
Gradus (1995) and Bovenberg and Smulders (1995)).

Maximizing household utility subject to the houschold budget constraint,
one finds the Keynes-Ramsey rule (I.11)”°

Government

The government budget is balanced according to (I.12). The government
does not issue public debt and raises revenues by adopting a positive tax rate
on output (7,), which is constant on a balanced-growth path, and a positive
tax rate on pollution (7,), which grows at the same rate as output so as to
keep constant the share of poilution tax revenues in output, i.e. T, =T, P/
Y. The revenues from these taxes are used to finance two types of
government spending, which grow at the rate of output: public investment
(S) and abatement subsidies (7,). The government balances its budget at
each point in time by adjusting the tax rate on output.

°For the steady state to be ingful, the ption share of output should be
non-negative. This condition ensures also that utility is bounded. From (I.5) and (1.10), we
know that 5, =s,. On a balanced-growth path, D is growing at a coastant rate, #. Solving the
integral (1.2), we derive: s, =s, = (r-w)s,. Hence, the growth rate, m, should not exceed the
interest rate. This condition restricts the rate of time preference () and the intertemporal
elasticity of substitution (o). In particular, by using (I.11), we find that a non-negative
¥ ption share req that: 8o + (1-a)r =0. Hence, the intertemporal substitution
possibilities cannot be too large, especially if the rate of time preference is small.
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Environmental Quality

Relation (I.13) formalizes the inverse relationship between the quality of
the environment and the flow of pollution.’” Environmental quality in the
initial equilibrium is assumed to be well above a certain ecological threshold
level. Environmental quality remains above this critical load because
pollution does not grow on the balanced-growth path while the poiicy shocks
we consider are infinitely small.

Walras Law: equilibrium conditions and budget constraints

The model describes a closed economy. The equilibrium condition on
(1.14) can be found by combining (1.3), (I.4), (1.5), (1.10) and {1.12) for
dividends, investment, profits, the household budget constraint and the
government budget constraint, respectively.

Linearized model

To solve the model, we log-linearize it around a steady state. Appendix A
derives the log-linearized factor-demand equations. Table 2 contains the
log-lincarized model. Notation is explained at the end of the table. A tilde
(~) denotes a relative change, unless indicated otherwise. Relative changes
in the growing variables are presented relative to the relative change in the
capital stock and are presented as lower case variables. Hence, these
variables represent relative changes of variables as a ratio to the capital
stock (which is initially predetermined). For example, the change in the
pollution tax, which is a growing variable, is given by t~p =7T,-K.

Expression (I1.2) reveals that a higher relative price of pollution induces
substitution from pollution towards other inputs. The strength of the
substitution effect towards either abatement or capital depends on the
magnitude of o,. In particular, if o, <1 (as in section 4 below), substitution
between the intermediate factors M and N is difficult relative to substitution

' Altemnatively, the quality of the environment could be modelled as a stock rather than as a

flow (sce e.g. Bovenberg and Smulders (1995)). However, this would complicate the model
substantially as it would imply a second state variable, thereby introducing tramsitional
dynamics. More importantly, the qualitative steady-state resuits do not change if a stock, rather
than a flow, determines the external effects (see Smulders and Gradus (1995), appendix A).
Hence, if one is interested in long-term effects. the assumption of a flow of pollution involves
no loss of generality. In more complicated models with stock-flow dynamics, issues of stabitity
and existence of a steady state may arise (see Tahvonen and Kuuluvainen (1993)). However,
stability and existence can be established in simple models that include environmenial quality as
a stock (see Bovenberg and Smulders (1994)).
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between A and P. In that case, pollution and abatement are substitutes: a
higher price for abatement increases pollution. However, if o, >1, com-
pared to other inputs, pollution is a poor substitute for abatement.
Therefore, a higher relative price for abatement lowers pollution. Pollution
can be affected also by public investment. In particular, lower public
investment raises pollution if 0,, <o,. In that case, compared to capital,
pollution is a better substitute for public investment. The demand for
abatement rises with the level of pollution, abatement subsidies and
pollation taxes (see (11.3)).

Relations (I1.7) and (I1.8) reveal that the economy grows faster if and
only if the interest rate increases. This is because a higher interest rate is
associated with a higher after-tax return to capital, which stimulates savings
and investment."' According to (I1.9), consumption rises if profits increase.
Consumption is affected also by the income and intertemporal substitution
effects associated with changes in the interest rate. In particular, if the
intertemporal elasticity of substitution (o) exceeds unity, the intertemporal
substitution effect dominates and consumption declines on account of a
higher interest rate.

Table 2
The model in relative changes
Output

=65 +vyi+ayP +nE (1.1
Pollution

~ 6lo,—o) P .

[t +a(1 —a'\)ll’=ws —(t-o )i, +T,)+a(F-1) (11.2)
Abatement

@=P+T,+1, (11.3)
Rate of return to capital

e, ~a,) ~ -

f=m+ﬂ)f+(l—q)ﬂE+u}[F+T‘] (1.4)
Dividends

sd=—si+(1-T)65+yT, - T, - ayi, — enP) (IL.5)

! 'To ensure that growth is positive i the initial equilibrium, we assume that the interest rate
exceeds the pure rate of time preference in the initiaf equilibrium (see 1.11). Since we consider
only marginal changes in the tax system, growth remains positive after the tax reform. Hence, if
irreversible investments would restrict the growth -ate to be non-negative, a boundary solution
with zero growth could not occur. For an analysis of a model with negative growth, sce
Smulders and Gradus (1995). With negative growth, utility is declining over time. According to
the terminology of Pezzey (1992). this implies that the economy is not sustainable.
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Profits

s.W=s,d +si~rsF
Growth rate

F=i
Household savings

r
r—0

i= F

Household budget constraint
s.E=s, W+ (1 —as,F

Government Budget constraint

A=-TH)T +TF+Tit, +TP=(1-T)s,T, + Ts,d+s5
Environmental Quality

E=-¢P
Goods-market equilibrium (Walras Law}

si=¥—-sc—sd—s§

(11.6)

(1.7)

o~
-
=2

e

(11.9)

(IL10%

(fI1.11)

(IL.12)

Capital letters (X) denote levels of a variable, while lower-case variables (x) denote levels as a
ratio of the capital siock (K), ie. x=X/Kforx=y.s.a. t,,d. v.w.i cand ¥=X~K.

Elasticities
ay aY Y Y
B=EK6 E —a-A,uy—WPe'—f’—?P>0
Y Y Y Y oP ¢

Taxes

~ d7, - dT, . dT,

f,=l_Ta. T‘=1—‘rrr, T,= T,
Shares

5, = AlY s,=DIY T*=T,PIY s, =Wy

5, =8/Y 5. =ClY s, =1Y 5, =K/'Y

s, =ViY
Relations between the shares
Dividends s,=(1-T)—-(1-T)s,~T; -
Profits s, =5, +5,~rs, =(1-T )&~ ay)
Houschold Budget Constraint s, =S, (r—mis, 5. =5,

Definition of investment 5, = WS,

(E1)]
(82)
(83)
(54)
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Government Budget Constraint s, +Ts,=T,+T, (55
Goods-Market Equilibrium 5,=1-5,—5,~-5, (56)

Production elasticities

(A=-T)yy=(1-T,s, (Ei}

(A=T)ay=T] (E2)

(I=T)B=rs, (E3)
Welfare

The welfare effects of small policy changes can be measured by the marginal
excess burden. It amounts to the additioral consumption that needs to be
provided to the household to keep utility (after the policy shock) at its initial
level. Hence, a negative value for the marginal excess burden corresponds
to a rise in welfare. The marginal excess burden A = dA/C amounts to (see

appendix B):
i)
T, s, R

5*55[,~ T __] T =«

~ - . T -
Az_{a_ysﬂ_“b]P_ 1’_

L c

+

e

s, r—7

+—7
s PR

(2.2)

Al coefficients at the right-hand side (RHS) of (2.2) represent wedges
between the marginal social costs and the marginal social benefits of an
activity. If benefits exceed costs at the margin, an increase in such activity
enhances welfare. For the growing variables 4, § and K, expression (2.2)
reveals that not only changes in current Jevels matier for welfare, but also
the present value of future changes (indicated by the change in the growth
rate).

The first term at the RHS of (2.2) stands for the welfare effect of a change
in pollution, which is a non-growing variable. First, as a private input into
production, pollution exerts a positive effect on output, which is represented
by ay. Second, by worsening environmental quality, pollution imposes an
adverse production externality, captured by en. The overall effect on
productivity is positive only if ay —en >0, i.e. if the positive output effect
of additional poilution as a rival input for the individual firm exceeds the
negative external (non-rival) productivity effect of aggregate pollution.
Finally, pollution yields an adverse consumption externality (see the last
term between the first square brackets).

The second term at the RHS of (2.2) reveals that higher current or future
abatement improves welfare if the output tax, which acts as an implicit tax
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on abatement, exceeds the abatement subsidy. Hence, more abatement
boosts welfare only if it is taxed on a net basis.”

The partial welfare effect of higher public investment is captured by the
third term at the RHS of (2.2). A rise in public investment improves welfare
if the productivity effect of public investment exceeds the share of public
investment in output. This condition implies that the marginal product of
public investment is larger than unity, i.e. dY/dS > 1 or, alternatively, that
the marginal social benefits, dY, exceed the marginal social costs, dS.

The last term at the RHS of (2.2) represents the welfare impact of
marginal changes in the rates of capital accumulation. The tax on output
drives a wedge between the before-tax return to capital (which stands for the
marginal social benefits of capital accumulation) and the after-tax return to
capital (which measures the marginal social costs of capital accumulation) so
that the growth rate of capital is too low from a social point of view.
Accordingly, a higher rate of capital accumulation (i.e. 7 >0) improves
welfare because the benefits in terms of higher future output exceed the
costs in terms of current consumption foregone.

The double dividend discussion has focussed on tax distortions rather than
spending distortions. Hence, we abstract from distortions associated with
inefficient levels of public spending on infrastructure and abatement sub-
sidies by setting 7,=7, and §=s,. Changes in abatement or public
investment thus yield no first-order effects on welfare. This allows us to
concentrate on the inicraction between the environmental distortion (i.e.
the first term at the RHS of (2.2)) and the tax wedge distorting growth (i.e.
the fourth term at the RHS of (2.2)). In particular, an environmental tax
reform yields a double dividend if it not only cuts pollution but also
alleviates the tax distortion by boosting growth."”

3. Effects on growth, pollution and welfare

This section explores the economic, ecological and welfare effects of
higher pollution taxes (i.e. [, >0). Appendix C solves the model from table
2 for the special case that abatement subsidies and the share of public
investment spending in the capital stock remain constant (i.e. T, =5§=0).
This section discusses the results for a sub-production function f(iN.M) of

 This is the partial effect. Abatement affects welfarc also by impacting pollution. This
indirect effect is represented by the first tesm at the RHS of (2.2).

I8 >5, and T, > T, growth would boost welfare not only by atleviating the tax distortion
but also by reducing distortions due to inefficient levels of expenditure on infrastructure and
abatement subsidies. In that case, we could talk about triple or quadruple dividends.
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the Cobb-Douglas type (i.e. o, =1),” while section 4 examines the more
general case in which o, is allowed to differ from unity.

Effects on growth and environment

The reduced-form equations for the growth rate, pollution and the tax
rate on output are given by:

- r 1 .

m=—7"ga ey —enj, G
~ - 1 -

P=-t - 2 (ay —en), (3.2)
- S, ~

T,= A (ay ~en), (3.3)

where A=rs, +5, — (@y —en) > 0.7

Expression (3.2) reveals that a pollution tax exerts two effects on
pollution. First, pollution decreases proportionally due to input substitution
(i.e. the first term at the RHS of (3.2)). Hence, the composition of economic
activity becomes cleaner. Second, changes in the growth rate affect pollution
(see (3.1) and (3.2)). On account of this growth effect, the level of economic
activity changes. The overall effect on pollution is unamiguously negative.®

The growth effect of an environmental tax reform depends on how such a
reform impacts the after-tax rate of return, which determines the incentives
to save according to the Keynes-Ramsey rule (1.11). The after-tax return, in
turn, is determined by the before-tax of return (i.e. the marginal productivi-
ty of capital) and the income tax rate. The net impact on the before-tax
return depends on two offsetting effects. On the one hand, a higher
pollution tax rate depresses the marginal productivity of capital by reducing
the input of pollution. These costs of the pollution tax depend on the
production elasticity of pollution, ay, which measures the importance of
pollutior as a private input into production. On the other hand, the
improvement in environmental quality associated with the drop in pollution

" The value of o, does not affect the analysis because the ratio §/K is fixed. Hence, the
sub-production function m(K,S) does not need to be Cobb Douglas.

'*'The determinant. A, can be interpreted as the fraction of national income that flows to
households. The first term indicates net income from the privately owned capital stock and firm
profits. The second term amounts to the net benefits from a lower level of pollution. The
determinant should be positive for the equilbrium to be stable.

' In particular, the coefficient for the pollution tax at the RHS of (3.2) can be rewritten as:

3 1 1
--[I+Z(ay-sn)]=—Z[A+(a‘y—s17)]=-2[rs,‘+s“l<0.

Hence. pollution unambiguously falls.
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enhances the productivity of inputs in production. These public benefits of a
lower level of poliution increase with the environmental externality in
production, 7, and the elasticity that measures the effect of pollution on
environmenta! quality, e.

If ay —en=0, a higher poliution tax leaves the marginal product of
capital unaffected as the private costs of less polluting inputs (represented by
ay) exactly offset the public benefits of a higher level of public environmen-
tal services into production ( represented by en). In this case, not only the
before-tax return but also the after-tax return and hence the growth rate
(see (3.1)) remain constant because the tax rate on output, T,, is unaffected
(see (3.3)). The distortionary tax rate must be kept constant because the
higher pollution tax does not yield any additional public revenues: with a
unitary substitution elasticity, o,, the loss of revenue due to the erosion of
the base of the pollution tax exactly matches the increase in reverues from
the poilution tax due to the increase in the tax rate. Hence, the siope of the
Laffer curve for the pollution tax is zero.

The environmental tax reform harms growth if ay —en>0. In this case,
the after-tax return declines because of two reasons: a decrease in the
before-tax return and an increase in the tax rate on output. The before-tax
return to capital falls because the adverse input effect of lower pollution on
the marginal productivity of capital dominates the favorable externality
effect. The drop in the return to capital erodes the base of the output tax.
Accordingly, with revenues from the pollution tax remaining constant, the
government is forced to raise the tax rate on output in order to meet its
revenue constraint.

if ay —en <0, higher pollution taxes raise the before-tax return. The
broadening of the base of the output tax allows for a reduction in the tax
rate on output (see (3.3)), thereby ensuring that the after-tax return and
thus growth rise. Hence, if the environmental externality in production is
large, an environmental tax reform may boost not only the quality of the
environment but also growth. Previous analyses of the double dividend issue
(see e.g. Ulph (1992), Bovenberg and De Mooij (1994ab) and Bovenberg
and Van der Ploeg (1994ab)) have abstracted from production externalities
(i.c. en =0). In that case, a higher pollution tax always implies a net burden
on the production sector and thus reduces growth as ay > 0.

Welfare effects

Armed with the economic and ecological effects, we now turn to the
effects on welfare, defined by the marginal excess burden in (2.2). The
welfare effects of pollution taxes depend on the effects on only pollution and
growth (see (2.2) with T, = 7, and & =s,). By substituting the reduced-form
equations for growth and pollution, (3.1) and (3.2), into (2.2), we derive the
following solution for the marginal excess burden:
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rs,+s, .
~——A—-e¢tp+ rs, +§, +———

- T T lay-eqg.
A= Py 2} ﬂ] 5.

(3.4)

The first term at the RHS of (3.4) reveals that, by cutting the level of
poliution, poliution taxes raise welfare by enhancing environmental
amenities. Second, if a lower pollution level raises the after-tax return to
capital (i.e. ay — en <0), pollution taxes enhance private or non-environ-
mental welfare. This private component is captured by the second term at
the RHS of (3.4). This term reveals that a higher after-tax return to capital
boosts welfare by raising both (current) household income from capital and
profits (first term between square brackets) and the growth rate. The welfare
impact of changes in the growth rate depends on the wedge between the
marginal social costs and benecfits of capital accumulation, implied by the
distortionary tax on output.

If higher taxes on pollution raise the after-tax return to capital, they yield
a double dividend by enhancing not only environmental amenities but also
productivity and growth and thus private welfare. If, however, the pro-
duction externality (e7) is smaller than the production elasticity (ay ), higher
pollution taxes veduce the after-tax return to capital. In that case, a trade-off
exists between, on the one hand, higher environmental amenities and, on
the other hand, lower economic growth and private welfare.

Optimal pollution taxes

The pollution tax is set at its optimal level if a marginal change in its rate
leaves welfare unaffected, i.e. if the marginal excess burden is zero. In a
first-best world where the government has access to lump-sum taxes, the
optimal pollution tax is at the Pigovian level, which fully internalizes the
environmental externalities in production and consumption (see (2.2) with
T,=0,T,=0and 6=5):

ay — en

S,

€ — =0 (3.5)
However, our model is not first-best. In particular, the government dees not
have access to lump-sum taxation to finance its public goods. Te investigate
whether, in this second-best world, the government still finds it optimal to
set the environmental tax at its Pigovian level, we substitute (3.5) into (2.2)
and arrive at:

T,B =
5 r—m

c

i=- 7 (3.6)

Hence, if T, >0, raising the pollution tax above its Pigovian level harms
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welfare if it reduces the growth rate. Indeed, at the Pigovian tax the
production elasticity of pollution exceeds the environmental externality in
production if environmental amenities are positive (i.e. (ay —en/s.) =edp >
0, see (3.5)). Hence, a higher pollution tax reduces the growth rate (see
(3.1)). Intuitively, by internalizing the consumption externality of pollution,
environmental taxes reduce the productivity of capital and, therefore, harm
growth. This drop in growth produces a first-order loss in welfare, as capitai
accumulation features a gap between its marginal social costs and marginal
benefits.

These results demonstrate that pollution taxes aimed at internalizing
environmental externalities may, as a side effect, exacerbate pre-existing
distortions in the economy. Indeed, in a second-best world, the optimal tax
on poliution differs from its first-best level. In particular, the optimal
poliution tax lies below the Pigovian level. Bovenberg and De Mooij (1994a)
reach similar conclusions when exploring the interaction between eaviron-
mental and labor-inarket distortions. They argue that the optimal pollution
tax lies below its Pigovian level because poliution taxes exacerbate the
distortion in the labor-market.

4. Tax-Shifting

Section 3 assumed a unitary substitution elasticity o,, implying that
substitution from pollution towards physical capital is relatively easy. In
practice, environmental taxes with the most revenue potential involve
energy use. Most empirical evidence suggests that substitution possibilities
between energy inputs and capital are rather limited (see e.g. Berndt and
Wood (1979), Pindyck (1979), Griffin (1981) and Hesse and Tarkka (1986)).
In this section, therefore, we allow the substitution elasticity o, to be smaller
than unity. Accordingly, pollution taxes imply less factor substitution and
thus are more effective as a revenue-raising device. Moreover, compared to
capital, abatement is a better substitute for pollution. This does better
justice to the term abatement.

Effects on growth and pollution

The reduced-form equation for pollution amounts to (see appendix C):

PR It et A Gk 1L PG Al Y “n

where A*=g,[rs, +5, —(ay —en)] + (1~ Y1 -T,)(1 - 7v)(1 + &) >0.
If o, equals unity, (4.1) is identical to (3.2). If substitution between the
intermediate factors M and N becomes more difficult, pollution taxes are
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less effective in cutting pollution, as they induce less substitution from
pollution towards capital. Nevertheless, relation (4.1) reveals that poliution
taxes always reduce pollution, even if o, approaches zero.”

The reduced-form for the tax rate on output is given by:

L s, . (-g)(1-T)a-enay..
T, =75 (ay —en)i, - — i (4.2)

This relationship reveals that if substitution between pollution and capital
becomes more difficult (i.e. o, becomes smaller), pollution taxes are more
efficient as a revenue-raising device. Indeed, even if pollution taxes invelve
a negative effect on gross productivity (i.e. ay — en > 0), they may neverthe-
less raise a positive amount of public revenues (which are used to cut the tax
rate on output).

The effect on the growth rate is given by:

i .
;—s,-i' =(ay ~<n)P —s,W 4.3)

This expression reveals that the growth performance is affected by two
factors, namely, first, the net costs of environmental policy borne by the
production sector (i.e. the first term at the RHS of (4.3)), and, second, the
part of the costs borne by profits (i.e. the second term at the RHS of (4.3)).
As explained in section 3, a tighter environmental policy generates an
adverse inzpact on growth if a lower pollution levzl implies a net burden on
the production sector. This is the case if ay —en >0, i.e. if the negative
output effect of a reduction in pollution as a private rival input exceeds the
positive effects associated with less adverse production externalities. The
second term at the RHS of {4.3) indicates the effect of shifting the tax
burden away from the after-tax return towards profits. In particular, lower
profits produce a higher growth rate. Intuitively, taxing away a larger share
of profit income creates room to cut the distortionary tax rate on output {see
(4.2)), thereby raising the return on capital accumulation.
The reduced-form equation for profits is given by:

" The coefficient at the RHS of (4.1} caa be rewritten as:
[] (1-0)1-T)2-y)a olay-en) 1
I . + = —

A a* TTa
(4"~ (1-a)(1 - T)(1 - y)a + afay —en)
= - 3lo s 50 + (1-0)01 - T) =)} <0.

Hence, poilution unambiguously drops due to higher pollution taxes, even if v, =0.



226 A.L. Bovenberg. R.A. de Mooij / Journal of Public Economics 63 (1997) 207-237

. s, . (A-o)A-T)lay—ep+rse]
S, W=-"2% (ay —en)t, — A ayt,

(4.9)

The first term at the RHS of (4.4) represents the effect of input substitution.
Bt reveals that, through this channel, profits share in the burden of
environmental policy on the production sector. In particular, pollution taxes
harm profits if the adverse pollution externalities on production are small
compared to the input share of pollution as a rival input (i.e. ay —en>0).
The second term at the RHS of (4.4) shows the effect of shifting the tax
burden away from the after-tax return on investment towards profits. If
g, <1, the tax-shifting effect causes the replacement of output taxes by
pollution taxes to raise the return on investment by reducing profits, thereby
boosting growth. The overall effect on growth is positive if the aggregate
burden of environmental policy on the production sector is small (i.e.
(ay — en)P is small) and a large share of this burden can be shifted unto
profits (i.e. W is large and negative). By substituting (4.1} and (4.4) into
(4.3), we derive the following condition for pollution taxes to boost the
growth rate:
ay —en

o <(-0,)T; (4.5)

The left-hand side (LHS) of (4.5) represents the net burden of less pollution
on the production sector. In particular, if ay — €9 >0, a decline in pollution
huris the production sector. The parameter a determines how effective
pollution taxes are in cutting pollution. In particular, if « is large, pollution
is ar important factor of production reiative to abatement (i.e. ay is large
relative to y). In that case, substantially lowering pollution is not attractive
for firms, as the marginal product of pollution is highly sensitive to the flow
of poltution.'®

The RHS of (4.5) shows the benefits of pollution taxes in terms of shifting
the tax burden away from the return on investment towards profits. If
g, =1, the pollution tax and output tax imply the same relative burden on
profits and the return on capital accumulation. Hence, an ecological tax
reform does not imply a shift toward non-distortionary lump-sum taxation of
profits. Accordingly, the tax-shifting effect exerts no positive effect on
growth. If o, <1, however, compared to the output tax, the pollution tax is
more effective in raising revenues without depressing the return to invest-
ment. The reason is that the tax on pollution is a more effective instrument
to tax away profits (and the quasi-rents from pollution, in particular). Thus,

"“In the extreme case that & goes to infinity, pollution is not affected by a rise in the
pullution tax. Hence, the costs of pollution taxes. represented by the LHS of (4.5), are zero.
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compared to an output tax, a pollution tax incorporates a more important
lump-sum element. Accordingly, by using the revenues from the pollution
tax to cut the distortionary tax on output (see (4.2)), the government shifts
the tax burden away from the return on investment towards profits, thereby
boosting growth.

On balance, an environmental tax reform stimulates growth if the positive
effect of tax-shifting (which allows for a reduction in the wedge between the
before- and after-tax return to capital) dominates the negative effect of input
substitution on gross productivity associated with more public consumption
in the form of more environmental amenities. Also Bovenberg and Van der
Ploeg (1994b) find that, if an environmental tax reform shifts the burden of
taxation from labor towards the rents from a fixed factor in production, it
may boost employment. Similarly, Bovenberg and De Mooij (1994b)
demonstrate that environmental taxes can yield a double dividend, by
expanding employment and improving the environmer , if the burden of the
public sector is shifted from workers towards transfer recipients.

Welfare effects

In section 3 we found that, in the Cobb-Douglas case, the optimal
poliution tax is always below the Pigovian tax in the presence of en-
vironmental amenities. The reason is that lowering the poltution tax from
the Pigovian level always boosts growth and, therefore, enhances welfare. If
substitution is more difficult, the welfare effects of raising pollution taxes
from its Pigovian level continues to be represented by (3.6). Hence, if
potlution taxes succeed in raising growth, they improve welfare. Contrary to
the Cobb-Douglas case, poliution taxes may indeed raise the growth rate if
o, <1, even if environmental amenities cause the production elasticity to
exceed the production externality (i.e. if ay — en = eds, >0, see (4.5)). This
is because raising pollution taxes may improve the efficiency of taxation by
shifting the tax burden from the return on investment towards profits.

The smaller environmental amenities are, the more likely it will be that a
rise in pollution taxes from the Pigovian level stimulates growth and thus
improves welfare. This can be seen by substituting the Pigovian rule (3.5)
and relation (E2) at the end of table 2 to eliminate T: and ay from (4.5):

s.edll - a(l-a,)(1 - T,)]<a(l - ¢,)(1-T,)en (4.6)

With ¢, below unity, this inequality for growth to increase is met either if
environmental amenities are small compared to production externalities or if
large values for a ensure that pollution does not fall much.
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5. Conclusions

This paper has explored the consequences of an environmental tax reform
for economic growth, poilution and welfare in a second-best framework in
which the government has to employ distortionary taxes to finance public
spending. Qur analysis uncovered two channels through which an en-
vironmental tzx reform may yield a double dividend, i.e. not only improve
environmental quality but also boost non-environmental welfare by stimulat-
ing economic growth. The first channel, discussed in section 3, is a positive
environmental externality in production associated with the role of the
environment as a public production factor. Previous analyses of the double
dividend issuc ignored this channel by modelling the environment zs a
public consumption good rather than a public production factor. {n that
case, environmental policy always implied a net burden on the production
sector of the economy, as the benefits accrued only to the household sector.

The second channe iwough which an environmental tax reform may
boost growth is a shift in the tax burden away from the return on capital
accumulation towards profits. In particular, section 4 showed that a
pollution tax may improve the efficiency of the tax system as a revenue-
raising device by taxing away the quasi-rents from pollution. This second
channel operates only if substitution between pollution and other inputs is
difficult so that the base of the pollution tax is rather inelastic.

The role of the environmental tax as a lump-sum tax on rents suggests the
importance of how environmental policy assigns property rights to the
environmeiit. If the property rights would be assigned to pollutors, the
quasi-rents from pollution would accrue to the owners of the firms rather
than to the government. This would be the case if instrureents were adopted
that do not raise public revenues such as freely issued tradable permits.
Accordingly, a double dividend cannot occur if the environmental externali-
ty in production is relatively small so thai a decline in pollution imposes a
net cost on the production sector. If the government owns the environment,
in contrast, it can use the revenues from the sale of this public resource (i.e.
the revenues from pollution taxes or the auctioning off of pollution permits)
to cut distortionary taxes. In this case, a tighter environmental policy implies
a capital loss for profit earners if substitution away from poliution is difficuit.
Hence, part of the burden of environmental policy on the production sector
is borne by profits rather than the after-tax return to investment. If the
tax-shifting away from the after-tax return towards profits is large enough,
an ecological tax reform may enhance growth, even if environmental policy
implies a net burden on the production sector."”

" Nielsen, Pedersen and Sorensen (1995) show that for this reason environmental taxes are a
more efficient instrument to raise public revenues than freely issued tradable permits.
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In a second-best world with both environmental distortions and tax
distortions, the optimal environmental tax typically differs from the Pigovian
level. We find that the role of the environment as a public production factor
does not overturn the result derived by Bovenberg and de Mooij (1994a)
that the optimal pollution tax is lower than the Pigovian tax. As long as the
environment produces some environmental amenities as a public consump-
tion good, the Pigovian tax exceeds the optimal poliution tax, which
internalizes the adverse pollution externalities on consumption. Intuitively,
at the optimal tax level, the pollution tax reduces growth, thereby worsening
distortions due to the absence of lump-sum taxation. However, we also
demonstrated that the optimal environmental tax may exceed its Pigovian
level if the government has no access to more direct ways to tax rents.
Intuitively, in the absence of an explicit lump-sum tax on profits, the
pollution tax acts an implicit way to tax rents. For the optimal environmen-
tal tax to exceed the Pigovian level, the pollution tax should be rather
ineffective in cutting pollution. In that case, the shifting of the burden of
public spending and environmental amenities to the owners of the firm
offsets the costs of additional environmental amenities, thereby alleviating
the net burden on investors so that the after-tax return on investment, and
with it growrh, rise.

Appendix A: Linearizing ihe factor demand equations

We log-linearize the model around an initial equilibrium. A tilde O)
above a variable denotcs a relative change, unless indicated otherwise.

Specification of F
F = f(M,N) is homogenous of degree 1 in M and N. Hence, F/IiM =5(1,N/

M}~ ¢ = ¢(z) where ¢ = F/M and z = N/M. The first-order derivatives of
F are:

W= (An
oF
Y haad (A2)
The substitution elasticity between M and N is defined as:
( OFIaNYy N
1 GFemM)_M___-2¢"__¢ a3
o, N aF/aN & ¢—z¢’

M FIaM
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Specification of M
M = m(K,S) is homogenous of degree 1 in K and §. Hence, M/K =m(1,

S/K)— p = p(s) where p = M/K and s = S/K. The first order derivatives of
M are:

aM

a5 =K (A4)
aM

i (A5)

The substitution elasticity between K and S is defined as:
aM/oS S
a1 _ aMIaK/) K _Tspt p
o, S aMiaS — u p-su’ (A6)

9K  MIeK

From the definitions of the production elasticities, the Cobb-Douglas
specification of N and (A4) and (AS), we derive:

_ara_ [Eﬁﬁ] [ﬂi] _OFN A7
Y=oaY N FIaANITNF* (A7)
voofLK OV _GF MPMK oM 5]
Bro= gyt s Y M FlokM 5 M
oF M
“aM F ! (A8)
Homogeneity of F and M and using (A7) and (A8) implies:
F=yN+@+B)M=N+(5+8)[M-N] (A9)
=B sz & =
M=pg5K+5558 (A10)

where we have used (2.1).
Specification of N and Y

The Cobb Douglas sperification for N implies for the rclative change in
N:
N=A+aP (A11)

Moreover, the externality of pollution specified in (1.1) implies for the
relative change in Y:

VY=F+qf (A12)
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Linearizing marginal factor productivity

Armed with this set of definitions and relations, we are able to log-
linearize the factor demand equations (1.6), (I.7) and (1.8) for abatement,
pollution and capital, respectively. The relative change in the marginal
product of abatement is derived by using (A1), (A3) and the Cobb Douglas
specification of N in the production function (I.1):

AdY/0A  AoF/oN ~  AdN/0A 1

aY/9A ~ oF/aN Tt GNaA T T @

¥

x(B+8)N—M]|+af +nE (A13)

The linearized marginal product of pollution is found by using the same
relations as for abatement:

Ala/FIoP)E”  AdF/aN ~ AdN/oP 1

aY/aP  ~ aFiaN "t NP T T o

¥

X(B+8)N-M]+A-(1-a)P +qE (A14)

To derive an expression for the refative change in the marginal product of
capital, we use (A2), (A3), (AS), (A6) and the specification of the
production function (1.1):

A3YIOK _ AOF/aM . AOM/OK 1
aY/oK ~ oFroM " oMIK ~ o,

.. 1 & -~ = ~
Xy[N*M]‘.F;""‘p—g[S—K]‘{'nE (A15)
Linearizing factor demand equations
Using {A13), we linearize the demand for abatement (I.6) as:
i - - P
?(B+8)[N—M]—aP—nE=Tu—Ty (Al6)
2

From (A14), we arrive at the following lincarized demand for pollution
(L7

1 e e . .
—;y(p+5){N—M]+A—(1—a)P+nE=Tp+Ty (A17)

By adding (Al6) and (Al7), we find the following relation between
abatement and pollution:

A=P+T,+T, (A18)
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Combining (A10) and (A18), we derive for abatement and pollution:

~ | @ .~ ~

A= T+a N+1+a[Tp+TR] (A19)
~ 1 ~

P= Tta ll—a[T +T] {A20)

Finally. (A15) and (1.8) yield for the desired demand for capital:

| S -
;"y[N—M} -y B_+5[S K]+ =r+Ty (A21)
Now we are able to derive the factor-demand equations as presented in
table Ii. First, the rate of return to capital (I1.4) is found by substituting
(A9), (A10) and (A12) into (A21) to eliminate N, M and F, respectively.
Second, relation (I1.2) for pollution is found by substituting (A10) and (All)
into (A16) to eliminate N and M, and then using (I1.4) to eliminate Y.

Finally, (11.3) is equivalent with (A18).

Appendix B: Welfare Effects

This appendix derives the marginal excess burden as a measure for
changes in social welfare. It represents the welfare changes due to various
policy measures in terms of consumption.

Utility is defined in (1.9). On the sustainable balariced-growth path private
consumption grows at a constant rate, ur, while pollution remains constant.
Hence, we can rewrite utility as:

] (B1)

U= IC,E ]“‘j [+{1-1

1-— o
where C, is the initial consumption level. To solve the integral at the RHS

of (B1), we require that w(1 — 1/0) — 6 <0 so that that utility is bounded.
Using (1.11) from table I, we rewrite this condition as follows:

1
8—'.7(1——)=r—1r>0 (B2)
o
Solving the integral in (Bl) yields the following expression for utility:

[CE®) ~

CED6D)

(B3)
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For utility to remain constant after a policy shock, we need:

au U U
0=dU=ﬁdC+ﬁdE+Ed7r (B4)

The derivatives at the right-hand side of (B4) can be derived by differentiat-
ing (B3) with respect to the respective arguments. This yields:

1
au [CE®)' =

acdc="r— € (B3)
1
W . [CE'F .
EYE=T, Ty ¢k (B6)
1
C,E®)' >
ﬂdﬂ.=_[._"_l__i_ﬁ (B7)

lix g r—-wT r—=w

Substituting (B5), (B6) and (B7) into (B4), we arrive at the following
expression for the change in welfare:

~ o~ ~ T .
A+C+¢E+;";‘n’—0 (B8)

where A = (dA/C) is the additional consumption that needs to be provided
to the household in order to keep utility, after the policy shock, at its initial
level. It is denoted as the marginal excess burden.

To arrive at an alternative formulation for the marginal excess burden in
(B8), we substitute (II.1) into (I1.12) to eliminate consumption. Thus, we
find:

w . 8-S . Y-S,. ay—e€n
G-

N 3 5.5~
A=—¢E—r_‘n_rr— 5 STy 3 P+;—t (B9)

To rewrite (B9), we first substitute (11.11) into (BY) to eliminate E. Then we
use the production elasticity (E1) at the end of table II to rewrite the
coefficient for abatement. By using (11.7), we can eliminate {. Finally, by
using the relations between the shares (S2) and (S6), the preduction
elasticity (E3) and relation (2.1), we derive the following relationship:

r=ms,=s.—@-s)-(y-s)-¢,B (B10)

Using (B10) and (S2), we can rewrite the coefficient for growth in the
marginal excess burden (B9) as in (2.2).
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Appendix C: Solution of the model

This appendix solves the model of table I for the case the government
uses T, to balance its budget (ex post). We assume that § =s., T, =7, and
T,=8=0. This appendix makes extensive use of the relations between
shares and the definitions of the production elasticities at the end of table II.

By substituting (I1.3) and (II.11) into (1I.1}, we can write output as:

F=ly +ay—enlf +vi, (C1)
Then we substitute (C1) into (11.4) to eliminate ¥ and use (II.11) to
eliminate E. This yields:

oF=ly+ay—oenlP +vi,~0,T, (C2)

Substitution of (C2) into (I1.2) to eliminate 7, we arrive at the following
relation:

(1-y)1+a)+olen-a)lP +0,T,=—(1-y), (C3)

By substituting ¥ and § from (C1) and (I1.3) into_the government budget
constraint (I1.10), we find another expression for P and 7, in terms of the
exogenous variables:

lay - T,en)P + (1 = T)T, = -T:F, (o))

Relations (C3) and (C4) form two linear equations in two endogenous
variables. Rewriting them in matrix notation yields:

(1 =T, ay—T.en )(i) ( -T; )_
’ ’ )= t (CS5)
5, {(I-y)l+a}+olen—a)/\P -(1-v)}*

Solving this linear system by inverting the matrix at the left-hand side of
(C5). we find:

4 7‘:‘,‘ B (1-y)l+a)+olen—a) T.en—ay -7, \.
ﬁ)_ -, -1, \-a-n/*

(Cé)
where:
A" =(1-T)(1 - y)1+a) - ofay —en+(1-T,)a)
=afrsts, —(ay—enp)]+ (1 -0 )U-TY)l-y)1+a) (CT)

The determinant in (C7) should be positive for the equilibrium to be stable.
(C6) yields the reduced-form equations for the output tax and poliution:
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AT, = s (ay - en)i, - (1 - 0,)T (e — €n)i, (C8)
AP =~[rs, +5,J,~ (1 - 0)T3F,
= ~4%,+ (1= a,)(1 = T,)(1 - )ai, - o,(ay — en)i, (€9
Substituting (C3) into (11.2) to eliminate P, we find for the interest rate:

[(1=y)(1 +a) +o,(en — &)|F = —(ay — en)i, — [1 + a(1 - o)IT,
(C10)

In order to find the reduced form for the interest rate we substitute (C8) into
(C10). After some tedious algebra, we find:

A*F = —(ey — ent, + (1 - o, )(1 - T,)ayei, (€1

The reduced form for the growth rate is closely related to (C11) (see (11.7)
and (I1.8)). The reduced form for the marginal excess burden can be derived
by substituting the reduced forms for pollution and growth into (2.2).

In order to gain more insight into the effects of pollution taxes on the
interest rate, we derive another expression for 7. By substituting (11.5) into
(11.6) to eliminate d, we find for profits:

5,9 = —(1= TOIT, + ayi, + exP + 8F) {C12)

Substituting (C4) into (C12) to eliminate f‘, and rearranging terms, we find
the foliowing expression for the interest rate:

(1= T,)87 = (ay ~ en)P — 5,3 (C13)

The reduced form for profits is derived by substituting (C9) and (C11) into
(C13).

.. - ay -
a*W = —(ay —en)t, — oy ay (1-c ) ay—en+ arsk]tp (C14)
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