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Chapter 6

SUSTAINABLE ENDOGENOUS GROWTH AND
PIGOUVIAN TAXATION

Santiago J. Rubio’ and Juana Aznar
Department of Economic Analysis
University of Valencia

Abstract

An AK model of ecologically sustainable endogencus growth in which environ-
mental quality has a positive influence on individual welfare and on the productivity
of capital is presented. The effect of different environmental policies on the long-
run growth of the economy is studied in the framework of this model. The results
establish that an optimal policy which taxes production and subsidizes pollution
abatement has a favorable effect on environmental quality, and could increase the
growth rate if the positive external effects of the environment on the productivity are
important. Furthermore, it is shown that this kind of environmental policy is neu-
tral in budgetary terms, i.e. tax receipts are equal to subsidies. Finally, it is found
that tighter standards have a positive effect on the growth rate only if the previous
standards were not very far from the level of environmental quality corresponding
to the market equilibrium.
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1 Introduction

A great many papers have been written on the relationship between economic growth
and environmental preservation since R.C. d “Arge published his Essay on economic
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growth and environmental quality in 1971. The principal questions occupying econo-
mists have been: Is long-run economic growth compatible with environmental preser-
vation? That is to say, is sustainable growth viable? Under what conditions? What
would be the effect of greater concern for the environment over economic growth?
How do environmental externalities influence growth rate, and thus, what is the
effect of environmental policy on economic growth?

These questions have been analyzed in many of these papers in the framework
of stationary models and exogenous growth models.! In this type of models, ei-
ther there is no long-run growth or if there is long-run growth it is exogenously
determined, so that environmental quality may have a negative effect on capital
accumulation or no effect on the growth rate. In addition, in this literature the
emphasis has been put on analysis of the efficient growth path without paying much
attention to growth based on market equilibrium.

However, since the appearance of the new theory of growth at the end of the
eighties and the start of the nineties, a series of papers has been published in which
these questions are addressed in the framework of endogenous growth models.*
Among these, we would like to draw particular attention to those of Gradus and
Smulders (1993), Ligthart and van der Ploeg (1994), Huang and Cai (1994), Hung,
Chang and Blackburn (1994), Ewijk and Wijnbergen (1995), Bovenberg and Smul-
ders (1995) and (1996), Michel and Rotillon (1995), Smulders and Gradus (1996),
Mohtadi (1996), Rosendahl (1996), Stokey (1998), Aghion and Howitt (1998) and
Grimaud (1999). These contributions can be classified into two groups. The first,
comprised of the work of Ligthart and van der Ploeg (1994), Huang and Cai (1994),
Hung, Chang and Blackburn (1994), Michel and Rotillon (1995) and Mohtadi (1996),
would include models which predict ecologically unsustainable growth. In these
models growth is achieved at the cost of continuous deterioration in environmental
quality. In the second group, which contains the remaining papers, appears models
which predict ecologically sustainable growth. According to these models, under
determined conditions, the economy could follow a path of balanced growth with
stable emissions, and therefore a constant level of environmental quality, and in some
cases growth could even be compatible with decreasing emissions as in Aghion and
Howitt’s (1998) model.® Within this latter group we can discern three sub-groups
according to the effect on growth rate of a greater concern of the individuals for
the environment or the effect of a tighter environmental policy. Using an extension

‘See Rubio and Fisher (1994) for a review of this literature.

?See Smulders (1999) for a quick review of the literature on endogenous growth and the envi-
ronment.

3In Stokey’s (1998) paper, stabilization of the emissions has a negative effect on the rate of
return of capital and makes long-run sustainable growth inviable. Reference can also be made to
the papers of John and Pecchenino (1994), John et al. (1995) and Elbasha and Rose (1996). In
John and Pecchenino (1994) and John et al. (1995), the relationship between environmental quality
and growth is analyzed in the framework of an overlapping-generations model, and this subject is
addressed with the inclusion of technological change and international trade in Elbasha and Rose
(1996).
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of Rebelo’s (1991) basic model, Gradus and Smulders (1993) show that a higher
environmental quality reduces the rate of growth when environmental quality only
affects consumers’ welfare. Grimaud (1999), who has derived an implementation of
the optimal path in the Aghion-Howitt model using subsidies and pollution permits,
also finds that there exists a trade-off between growth and environmental quality in
a Schumpeterian model that distinguishes between tangible and intellectual capital
and where the intensity of pollution affects the productivity of both sorts of capi-
tal. Again Gradus and Smulders (1993) and Ewijk and Wijnbergen (1995) conclude
that the effect is positive using different versions of Lucas’ (1988) model, even when
environmental quality affects utility.* This result is based on the fact that environ-
mental quality has a positive effect on the accumulation of human capital. Finally,
Bovenberg and Smulders (1995) and (1996), and Smulders and Gradus (1996) show
that the effect is ambiguous and that it depends on the relative importance of en-
vironmental quality as amenity value or as productive value, so that only if the
productive value of environmental quality is higher than the amenity value will the
environmental policy have positive effects, not only on environmental quality but
also on economic growth.

Our contribution continues along the line of the papers published by Mohtadi
(1996) and Smulders and Gradus (1996). We are particularly interested in the design
of optimal environmental policy, as set out by Mohtadi (1996), but in the framework
of a model of ecologically sustainable growth.5 For this purpose we present a model
of endogenous growth d la Rebelo, in which the productivity of capital depends
positively on environmental quality but is constant for a given level of environmental
quality, and we assume that firms can devote resources to pollution abatement but
that the productivity of these resources is decreasing. Our main purpose is to
study the effect of environmental policy on the growth rate, focusing on two types
of policy. First, we are interested in an environmental policy based on Pigouvian
taxes and subsidies, the objective of which is to restore the allocative efficiency of
the market, which we can define as a pricing policy. In the second place, we focus on
a sub-optimal policy of pollution control, that is, a policy based on standards, and
we analyze the effect on the growth rate of a tighter environmental policy, consisting
of requiring a lower emission level from firms.” The paper presents two parts: in the
first part, we assume that the environment only enters into the utility function of
households; in the second part, we take into consideration that pollution can have a

4In Rosendahl’s (1996) paper the effect is null because environmental quality only affects the
production of consumer goods and not the accumulation of human capital.

5See Bovenberg and de Mooij (1997) and Hettich (1998) for a complementary approach. In
these papers is studied how an environmental tax reform affects pollution and economic growth in
endogenous growth models with pre-existing tax distortions.

6This assumption differentiates our paper from Mohtadi’s (1996), which does not take into
consideration that firms can allocate resources to pollution abatement.

"In line with Mohtadi (1996), this paper is solely concerned with long-term effects as long as
this kind of AK models of endogenous growth has no transitional dynamics.
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negative effect on productivity. In this way we can clarify what effects environmental
quality has on the growth path of the economy through productivity.®

Our results indicate that if the environment does not affect the productivity
of the economy, the environmental policy has a negative effect on the growth rate
and it is not possible to reconcile growth with environmental preservation in the
long-run. If this is not the case and the environment has a productive value, the
optimal environmental policy, which consists of establishing a tax on production
and a subsidy on abatement pollution, could have a positive effect on growth if the
external effects in the production are sufficiently large. In other words, only if the
environmental externalities in the production are enough high it may be expected
that the optimal environmental taxation boosts growtl. Moreover, we show that the
optimal policy is self-financing, in the sense that tax receipts are sufficient to pay for
subsidies needed to restore the allocative efficiency. This result is of interest since one
of the limitations of Pigouvian taxes (subsidies) is that lump sum subsidies (taxes)
are required to distribute the gains resulting from the restoration of the efficiency.
Finally, we conclude that a tighténing of environmental policy based on emission
control, starting from the emission level corresponding to the market equilibrium,
has a positive effect on growth even if the external effects in the production are
low provided that the environmental policy be not very restrictive., i.e. if small
reductions in the emission level are proposed.

The paper is structures as follows: in Section 2 we present the model of endoge-
nous growth and environmeutal quality; and in Section 3 we develop a first approach
to the issues which interest us, on the assumption that environmental quality only
affects utility. This approach allows us to evaluate in Section 4, by comparison, the
importance of the productive value of environmental quality. This Section includes
four sub-sections. In the first the efficient balanced growth path is studied, in the
second the market equilibrium path, in the third the Pigouvian taxes are calculated,
and finally in the fourth policy based on emissions control is analyzed. Last come
the conclusions.

2 The model

Let us consider an endogenous growth model for a closed economy with a ratio-
nal representative consumer and two goods: a private good, C (t), and a public

8Smulders and Gradus (1996) present a general equilibrium one-sector model in which environ-
ment is essential for production and welfare. Their model is not strictly an AK model but it can
be obtained as a particular case. In our paper, focusing on an AK model, we mainly complete the
analysis of the environmental policy developed by these authors. In particular, we compute the
instruments which allow to implement the optimal path, we calculate the budgetary balance result-
ing from the application of the optimal environmental policy and we show that for this policy the
decentralized solution exactly reproduces the efficient allocation. Moreover, we extend the analysis
to cover a sub-optimal policy based in standards. Finally, our paper allows to evaluate how the
effects of environmental policy depend on the productive value of the environment.
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good, E (t), which represents the level of environmental quality. The preferences
are described by the following utility function

1 —
U(C®),E®) = — [COED*'™ 1], M
where o and ¢ are positive constants. The social welfare is given by
— e 1 ayl—-o —pt
W= /0 — [coE®™ 1] e, @)

where p is the discount rate. For this specification the elasticities of marginal utility,
both that with respect to consumption and that with respect to environmental
quality, are constant and the intratemporal elasticity of substitution between C(t)
and E(t) in utility is unity.® In this function the parameter o lets us characterize
the individual preferences with respect to the two goods, such that the greater
is the value of a the greater the importance of environmental quality is in the
preferences. Keep in mind that for a given combination of (C(t), E(t)), a determines
the willingness to pay for environmental quality which is defined by the Marginal
Rate of Substitution, MRScg = aC(t)/E(t), so that an increment in « increases
the willingness to pay for environmental quality.1©

Next we establish the relationship between the environment and economic activ-
ity. We assume that the environmental quality is related negatively to the capital
stock, K (t), and positively to the pollution abatement, A (t)!!. Given the linear
dependency we are going to establish between production and capital stock, the
negative effect of accumulation of capital on environmental quality represents the
environmental damage caused by the productive activity. In this paper we adopt
the pollution function proposed by Gradus and Smulders (1993, page 31), but we
interpret it in the terms appearing in Mohtadi (1996).

A (t) K
= | =—Z 1.
E (t) <K(t)) , 0<n< (3)
The principal characteristic of this function is that it shows decreasing returns for

pollution abatement, E44 < 0.
The technology is linear with respect to K (t) ,but concave with respect to E (t),

Y = f(K (t),E(t) =BK@t)E@t)’, 0<B8<1. (4)

So that environmental quality is considered, although indirectly, to be a production
factor, in the sense that a higher level of environmental quality positively affects

°Smulders and Gradus (1996) have shown that these conditions are required to obtain a balanced
growth. This kind of specification is also used by Huang and Cai (1994) and Mohtadi (1996), and
it is based in the utility function proposed by King, Plosser and Rebelo (1988).

10T Section 3.1 we investigate which are the conditions that the parameters a and o must satisfy
to obtain an ecologically sustainable balanced growth path.

111 this paper we exclude the pollution associated with consumption activity.
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the productivity of the direct production factors, in the Rebelo’s model, the capital
stock.

Defined the production function, the capital stock dynamics is given by the
following differential equation

K =BK@®{)E@t)?P-C(t) —A(t). (5)

We do not take into account the depreciation of capital stock, although incorporating
it into the analysis through a constant depreciation rate would not modify the
qualitative results of the paper.

3 The sustainable balanced growth rate and the optimal
environmental policy.

In this section we are interested in determining the conditions which make eco-
nomic growth compatible with environmental preservation, and in the Pigouvian
taxes which lead the economy to the efficient growth path when the environment
only affects consumers’ welfare. The results of this section will enable us to clarify
what effects environmental quality has on the growth path of the economy through
productivity. To eliminate the productive value of the environment we make the
parameter ( equal to zero in (4).

3.1 The efficient path.

First we calculate the efficient growth path which we use later both to evaluate
the market equilibrium path and to calculate the Pigouvian taxes which correct
the allocative distortions caused by the external effects associated with the envi-
ronment. The efficient path is found by internalizing the external effects associated
with consumption, which is done by maximizing for C(t) and E(t) the social welfare
function (2) subject to the restrictions (3) and (5) for a given initial value of capital
stock. Eliminating E(t) using pollution or environmental quality function (3), the
control variables of the optimal control problem are C(t) and A(t) and the current
Hamiltonian is!2

1 1o [ A na(l-o)
H(K\C A D) = —— |O (E) _1|+ABK-C—4], (6

where ) is the co-state variable.

2Without loss of generality, the time reference of the variables will be omitted, provided it is not
required for correct interpretation of the expressions.
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The first-order conditions establish that

na(l—o)
c-° (%) Y 1)
Cl-7 7 A na(l—o)—1
no— (—E) = A (8)

On the margin, the marginal utility of consumption must be equal to the marginal
valuation of pollution abatement which is given by the product of the marginal
utility of environmental quality and the marginal effect of the pollution abatement on
environmental quality. The second-order condition is satisfied if the utility function,
U(C,E(4,K)) = U(C, E, K), is strictly concave with respect to control variables
which implies that the marginal utility of consumption and pollution abatement are
decreasing and, moreover, that o +na(o — 1) is positive. This inequality defines a
lower bound, less than unity, on the elasticity of marginal utility of consumption,
na/(l +na) < o.

Moreover, the Euler equation determines the dynamic optimality of the alloca-
tion:

. Cl-9 / A na(l—o)
A= X(p—B)+na—p (?) | (9)

Thus, equations (5) and (7)-(9), together with the transversality condition
tl.lf& e~P'AK = 0 implicitly describe the efficient path for any given initial capi-
tal stock value. The easiest way to characterize the optimal paths is to look for
the sustainable balanced growth paths which we define as a solution {K, X, C, A} to
the optimization problem for an initial condition K (0) = Ko, such that the growth
rates of K, \,C, A and the ratios Y/K, C/K and A/K are constant. We call this
sustainable growth because the growth is compatible with preservation of the en-
vironment; that is, with a constant level of environmental quality. Remember that
environmental quality is a function of the A/K ratio.

Let gc be the growth rate of consumption, C/C. Then from (7), by differentia-
tion, we get A /X = —ogc, where o is the elasticity of marginal utility of consumption.
In the process of differentiating (7), we treat the A/K ratio as a constant, just as
we have established above in the definition of sustainable balanced growth. Then

using (9) we get

na Ccl-e <A>na(1—-a)
B = — = .
proget 7\ g (10)
Thus, along the path of balanced growth, the marginal product of capital is
equal to its opportunity cost, which in our model includes an additional term in
comparison with the standard growth model which represents the negative effect

that capital stock has on utility through its influence on environmental quality
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Cl-o /7 A na(l—o)
K (?) ‘
To have an homogeneous expression this term is divided in (10) by the price of
consumption good defined by the marginal utility of consumption, Ug = \.

Using (8) to eliminate A from the right-hand side of (10) and reordering terms,

we obtain

—UgpFErg =na (11)

K

which, interpreting (10), we name the asset market equilibrium condition.
From (7) and (8) we have that C = A/na, then eliminating C by substitution
in the dynamic restriction (5), adding terms and dividing by K we get

o= |B-p-%] (12)

1+77a> A

o =B- (%) 2. (13)

which we name the goods market equilibrium condition. Imposing gc = gk, the
system of equations (12) and (13) allows us to calculate the growth rate and the
level of environmental quality which correspond with the efficient path of sustainable
balanced growth of the economy. If we also keep in mind that g4 = gk, given that
the level of environmental quality must remain constant, we conclude that all the
variables in our model must grow at the same rate g.

Solving (12) and (13) we obtain

A\ _ nalp+ B(o—1)]
(E)p ~ o+na(c—-1) "’ (14)
B—-p(1+na)
i o+na(c—1)° (15)

Where ¢ + na(oc — 1) is positive by the strict concavity of the utility function.
Then (A/K)p and gp have strictly positive values if the following conditions on the
parameters hold!3

B-p<a, a<B—-p, (16)

B np

where the terms of the inequalities are positive, provided that B — p > 0. The
first condition guarantees that the environmental quality is positive and the second
condition that the rate of growth is also positive. These two conditions impose
certain restrictions on the preferences to get a sustainable balanced growth for the
economy. In particular, the elasticity of marginal utility of consumption cannot be

13 P denotes the Pareto efficient intertemporal allocation.
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very low and the willingness to pay for environmental quality cannot be very high.
Nevertheless, our results show that a sustainable balanced growth is compatible with
a elasticity of marginal utility of consumption lower than unity since (B—p)/B < 1.
This also means that is not necessary to establish any particular assumption on the
sign of the cross-effects on marginal utilities to reach a path of sustainable growth.
Finally, we may add that it is easy to prove that if condition (B — p)/B < o is met,
the transversality condition is also fulfilled.

Next, we evaluate the impacts of variations in the parameters on the quality of
the environment and on the growth rate of the economy. Let us consider first the
effects of variations in «

o(#),  nolp+B(o—1)

o (o4 an(c—1))? >0 (17)
dgp _ _mlp+B(o —1)]
Ba (o4 oan(oc—1))2 <0 (1)

The signs of the derivatives establish that an increase in (marginal) willingness to pay
for environmental quality (a increase in a) results in an increase in environmental
quality and a decrease in the sustainable balanced growth rate.

This result leads us to the conclusion that preferences which imply a higher
valuation of the environment are associated with a lower growth rate. In other
words, a higher environmental conservation will only be achieved at the cost of a
reduction in growth. This result is implicit in conditions (12) and (13), which show
an inverse relationship between growth rate and environmental quality, and define
a clear trade-off between these two variables. Observe that a determines the C/A
ratio and the allocation of output between the investment and the expenditure in
consumption and pollution abatement. This is very clear if we rewrite condition
(13) as

14+ na

Y =BK =K+ A. (19)

Then, for given values of K and A, an increase in o reduces the expenditure and
increases the investment resulting in an increase of the growth rate. With gc = gk,
this change causes a disequilibrium in the asset market since the opportunity cost
of capital increases. In order to reach again the equilibrium in the asset market,
without affecting the equilibrium in the goods market, the rate of growth must de-
crease and the environmental quality increase. Notice that the adjustment in the
asset market cannot be reached by a reduction both the growth rate and the envi-
ronmental quality because this would cause a disequilibrium in the goods market.
Finally, we emphasize the positive effect of an increase in the discount rate on the
environmental quality.
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3.2 The equilibrium path

In this first part we assume that the environmental quality, which depends on de-
cisions of the firms, does not affect productivity, on account of which the market
allocation is seen to be distorted by the presence of unidirectional external effects,
from the production activity to the consumption activity. In this framework individ-
uals determine the demand for consumption goods, taking the level of environmental
quality as given, and the firms have no incentive to spend in pollution abatement,
for which reason we expect that market equilibrium leads to an ecologically unsus-
tainable growth, as occurs, for example, in the paper of Michel and Rotillon (1994)
and Mohtadi (1996). Hence ecologically sustainable growth will only be possible
through public intervention.

Next we show that the efficient intertemporal allocation can be replicated through
a proportional tar on production if the public expenditure allocated to pollution
abatement is equal to the efficient level, Ap. Let us assume that the representative
consumer maximizes the utility function over an infinite horizon, choosing consump-
tion subject to the usual intertemporal budgetary restriction and taking the level
of environmental quality as given. From this maximization problem the well-known
Keynes-Ramsey rule is obtained: r = p + ogc,where r is the market interest rate.
Let us also assume that a great number of firms exist which produce a final homo-
geneous good under conditions of perfect competition. The firms maximize profits,
and the first-order condition for a maximum establishes that » = (1 — 7)B, where
7 stands for the rate of taxation on production. These two conditions allows us to
establish the asset market equilibrium condition for a decentralized economy which
defines the rate of growth of the market equilibrium as a function of the instrument
of environmental policy!4

gu=—[1-7)B~ 4. (20

Then the optimal value 7* is (A/K)p/B, since for this value (12) is equal to (20).
In other words, for the optimal value the growth rate of the market equilibrium is
equal to the growth rate of the efficient allocation. However, the implementation of
this policy has a negative effect on the growth rate of the economy. Notice that for
7 =0, gm is greater than gp since in this case the growth rate defined by (12) for
the optimal value (A/K)p is lower than the growth rate defined by (20).

Next we show that the optimal tax does not only ensures that the growth rate
corresponding to the equilibrium path is equal to the efficient growth rate but that
the decentralized solution exactly reproduces the efficient allocation. If the public
expenditure in abatement is Ap, the good market equilibrium condition establishes
the following relationship among the initial values

Cmo = BKo — gpKo — Apo = CEo, (21)

14gm stands for the sustainable balanced growth rate of market equilibrium.




Sustainable Endogenous Growth and Pigouvian Taxation 133

so that the initial values for consumption, investment and abatement are the same
for the two solutions. In this case, if the rate of growth is also the same we have that
the levels and the growth rate of the variables are the same and the equilibrium path
coincides with the efficient path. Finally, if we look at the budgetary balance result-
ing from this policy we have that T =1*Yp — Ap = [(A/K)p/B]|BKp — Ap =0,
which establishes that tax receipts are exactly sufficient to finance the public expen-
diture requires to stabilize emissions and achieve the level of environmental quality
corresponding to the efficient outcome, so that the resulting public intervention is
neutral from a budgetary perspective.

3.3 Environmental standards

In this last subsection we address the study of environmental policy based on emis-
sion control. If the government sets the level of environmental quality, using this
variable as an instrument of environmental policy, we have that the A /K ratio is ex-
ogenously determined, and the firms support the cost of pollution abatement. Then
the environmental quality function (3) defines a linear dependence between A and
K, A = EV"K, where E is the level of environmental quality set by the regulatory
authority. In this case, the firm’s profits are given by

7= BK -rK - A=BK —rK — E'/"K, (22)

and the first order condition for the maximization of profits can be written as r =
B — E/7. From this condition and the Keynes-Ramsey rule we obtain the growth
rate of the market equilibrium as a function of the instrument of environmental
policy

_1
o

aM (B —p— E‘l/") : (23)
Then the optimal value E* is (A/K)}, since for this value (12) is equal to (23)
and then gy = gp. In other words, for the optimal value the growth rate of the
market equilibrium is equal to the growth rate of the efficient allocation. Again the
implementation of this policy reduces the growth rate of the economy. Moreover,
this optimal value guarantees that the decentralized solution exactly reproduces
the efficient allocation. Using E* we have that the initial value for abatement is
Apo = (E'*)l/ 1Ky = Apo, so that the equilibrium path coincides with the efficient
path. In this case, Cpmo = BKy — gm Ko — Amo, that for Apo = Apg and gy = gp
yields Cpr0 = Cpo and then the level and the growth rate of variables in the market
equilibrium are the same than in the efficient allocation. Finally, we would want to
point out that, as was to be expected, we find a negative relationship between the
market equilibrium growth rate and the environmental policy instrument. Thus, if
the government sets the environmental quality in a suboptimal manner because of
the policymakers lack sufficient information on environmental benefits from pollu-
tion reduction or/and because of political or social restrictions, the result of any
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tightening of environmental policy will have a negative effect on the growth rate of
the economy, independently of the initial level of environmental standards.

4 The environment affects productivity

In this section we show that if the environment affects productivity, there exists
a positive relationship between growth rate and environmental quality, provided
that the level of environmental quality is not very high. This happens because
the increment of production due to an improvement in environmental quality is
greater than the increment in resources needed to reduce the pollution and stabilize
the environmental quality. For this reason a more restrictive environmental policy
could have positive effects on both environmental quality and growth rate.

4.1 The efficient path

To calculate the efficient solution we eliminate F (t) by substitution, using the pol-
lution function (3), which yields the Hamiltonian associated with this problem

B 1 o A na(l-o)
H(K,\C,At) = l—a[c (;{-) -1
AN\TP
A BK(-) _c—4|, (24)
K
and from the first-order conditions we obtain
Y A na(l-o)
C (E) = A, (25)
Cl-o s g\ ne(l-0)-1 A\ 78-1
no— (E) + AnGBB (—E) = A\ (26)

Again, the valuation of resources on the margin must be the same. However, when
the environment affects productivity, the marginal valuation of pollution abatement
presents an additional term which measures the effect that pollution abatement has
on production through its effect on environmental quality: fgFE4. Thus, condition
(26), in terms of the functions of the model, may be written as UgEs+ AfgEa = )
or (UgE4/Uc)+ fEE4 = 1, where 1 is the opportunity cost of pollution abatement
in terms of consumption.!® This condition requires that fgE4 < 1, which implies
that

' Given the strict concavity of the environmental quality function and of the production function,
the strict concavity of the utility function, U(C, E(A, K)) = U(C, A, K), with respect to control
variables guarantees the fulfillment of the second-order condition.
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AN\ M8-1
The dynamic of the state variable is given by the Euler equation
. Cl-o s A\ nx(1-0) AN\TB
A= pA+no 7 <E) — AB (1 —np) (E) : (28)

As (25) is equal to (7), from (28) we obtain

no Ccl-o <A>17a(l—-a')

AN
B(l—ﬁﬁ)([—{) =ptogc++—5 %

which requires that the net marginal product of capital must be equal to its op-
portunity cost along the path of sustainable balanced growth. If we compare this
condition with the one which we obtained in the previous section (see (10)), we find
that they differ only on the left-hand side. When the environment affects productiv-
ity, a variation in capital has two effects, one direct and positive for a given level of
environmental quality, and the other indirect and negative as a consequence of the
dependence of environmental quality on the capital stock. So that the net marginal
productivity of capital is the sum of these two effects: fx + feEk, which for the
functions in our model gives us the expression that appears on the left-hand side of
(29)'16

Using (25) and (26) to eliminate A and C from the right-hand side of (29), we
obtain the asset market equilibrium condition

1 AN A
Finally, using the relationship between C and A defined by (25) and (26), and

the capital stock dynamic restriction, we calculate the goods market equilibrium
condition

(29)

a+ﬂB(A)"ﬂ_1+naA (31)

IK =", K na K

For gc = gk , the system of equations (30) and (31) determines the growth rate
and the level of environmental quality corresponding to the efficient path. Then
making (30) equal to (31) we obtain the following equation for the level of environ-
mental quality

_a(a—;)+0,33<%>;ﬁ+‘7+"7f;£¥a"1) <-?{-)P—p::0, (32)

16 Observe that for the assumptions of the model the net marginal productivity is positive, since
we have established that 7 < 1 and B8 < 1, see (3) and (4).
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which has an unique, positive solution if the second-order condition for the max-
imization of the Hamiltonian is satisfied.'” Then, given (4/K)p, a enough high
value for the productivity parameter, B, guarantees that the rate of sustainable
balanced growth is positive.!® It is also easy to show, see also Appendix A, that
(30) and (31) are two concave functions which intersect each other at a point with
0 > gc(A/K) > gi (A/K) for (4/K)p, so that the solution to the system of
equations (30) and (31) has the following graphical representation

FIGURE 1

[ e .

- - - - - - o

B |
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Next we evaluate the effects of a variation of the willingness to pay for environ-
mental quality on environmental quality and the growth rate of the economy. We
will use expression (32) to study the effect on environmental quality. The result
is that 0(A/K)p/0a > 0, see Appendix B. The effect on growth rate is given by
dgp/0a = 0gp/0(A/K)pd(A/K)p/Ba, which is negative because Ogp/0(A/K)p
Is negative at the intersection point of the functions gc and gx (see Figure 1).
Hence, we have the same qualitative results as in Section 3, which confirms the
long-term conflict existing between the preservation of nature and economic growth
even though the positive influence of the environment on productivity is taken into

'"The second-order condition hold when o > an/(1 + an).
18 This argument is developed in Appendix A.
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account in the model. Finally, we find that an increase in the discount rate has a
positive effect on the environmental quality and a negative effect on the growth rate
of the economy.

4.2 The equilibrium path

When the environment also affects productivity, we find that, because of its nature as
a public good, external effects on both consumption and production are present, as a
result of which firms’ decisions affect both consumer welfare and other firms’ profits.
In order to take these external effects on production into account we distinguish
between an internal effect and an external effect. We represent the external effect,
which the firms consider to be exogenously determined by E., and the internal effect,
which depends on the firm’s decisions by E.19 In this case the firm’s profits are given

by i )
AN 7 A\"(B=P)
7T=B<f{—> (—}?)e K—A—TK,

where E = (A/K)", E. = (A/K)Z and B < [.The first-order conditions for the
maximization of profits are

B(1 —nf) <%>nﬁ (%Xr(ﬂ—ﬁ) . (33)
niB (%)TIB‘I (_}%)Z(ﬁ—ﬁ) . a0

The first condition establishes that the firm uses capital until its net marginal pro-
ductivity equals the interest rate, and the second that the firm spends in pollution
abatement until its marginal productivity is equal to its opportunity cost.

The market is in equilibrium when the value of £ which maximizes profits coin-
cides with the value that the firm consider to be exogenously determined, E., such
that the expected and the present behavior of this variable are the same. Setting
this condition, E = E., the previous conditions become o

B(1 - np) (%)nﬁ = (35)
nBB (%)"ﬁ—l Y (36)

Taking the Keynes-Ramsey rule into account, we now obtain from (35) the equulib-
rium condition in the asset market

- B
B(1 —npB) <%>” =p—+ogc, (37)

19This approach was used by Lucas (1998) to analyze the external effects of human capital on
the technology of the economy. Here, we adapt this approach to represent the external effects of
environmental quality.
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which gives us the following expression for the growth rate of consumption
1 - A\
gc = = [B(l — 1) <E) - PJ : (38)

Furthermore, the goods market equilibrium condition can be expressed as

QK———-B(—;-;-)"B—Q—ﬁ (39)

K K’
and if we set g = gk = gc, the market equilibrium path is determined by condi-
tions (36), (38) and (39). Specifically, (36) defines the level of environmental quality,
(38) the balanced growth rate and (39) the consumption-capital ratio. Thus for the
decentralized solution, the level of environmental quality can be obtained in ex-

plicit form, (A/K)p = (nBB)T——lTﬁ, and hence the values of the growth rate and the
consumption-capital ratio.

If we continue by comparing the two growth paths, we obtain that the comparison
between the levels of environmental quality is immediate. Observe that the efficient
level is higher than the level (A/K)¢ defined by expression (50) in Appendix A,
see Figure 1, and that this expression is higher than the environmental quality level
associated with the equilibrium path, so that we get |

A AN* A

(©)u < (7)< (%), o
This difference is explained by the external effects of environmental quality. Given
that pollution is a public bad, when the firms decide on pollution abatement they do
not take into account the positive external effects of their decisions on consumer wel-
fare and on the productivity of other firms. Thus, the positive effects of abatement
are undervalued in the decentralized solution, as a result of which less resources are
allocated to pollution abatement in comparison with the Pareto efficient allocation.
Moreover, when the firms decide on investment, they do not take into account nei-
ther the negative external effects of their decisions so that the negative effects of
capital are undervalued in the decentralized solution and the firms keep their capital
stock above the efficient level in each moment of time. This explains why the level
of pollution is higher for the equilibrium path.

To compare the growth rates of both solutions, we proceed to determine the
relative position of the functions gc (A/K), which are given by expressions (30)
and (38). To clarify our notation, we represent the function corresponding to the
efficient solution by gpc and that corresponding to the market solution by gae. If
we subtract one function from the other, we obtain

- n8-1
gpc — gMmMcC = —-g— [% (1 —nBB (%) )J ; (41)
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This difference is zero for A/K = 0 and (A/K)um, since for the environmental quality
level corresponding to the equilibrium path, condition (36) is satisfied, so that the
difference is positive for values of 4/K lower than (A/K)uy and negative for values
greater than (A/K)u. Given these relationships we obtain the following graphical
representation

g

FIGURE 2

/ (AK),, (AWK (A/K), XA/K)

9pc

In the graph, the equilibrium growth rate is higher than the efficient growth rate.
However, we cannot rule out, at least theoretically, a different relationship between
these two growth rates, because the results only establish that the intersection point
between the two functions must be on the increasing section of the function gpc,
which does not exclude that the equilibrium growth rate may be lower than the
efficient rate. This will depend on the magnitude of the external effects in the
production. In the model the magnitude of the external effects in the production
is represented by B. If the value of this parameter is close to § the magnitude of
the external effects is low and the environmental quality level of the equilibrium
path is not far from (A/K)&, so that we may expect that the market growth rate is
above the efficient level. Compare again (A4/K)p with (A/K)¢ defined by (50) in
Appendix A. However, if the external effects are important, B is close to zero, and
both the environmental quality level and the growth rate are lower than the efficient

levels.
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4.3 Pigouvian taxes-subsidies

The previous analysis of the equilibrium and efficient paths allows us now to address
the design of the environmental policy which lets the economy reach the efficient
path as a market equilibrium. Thus, this subsection deals with illustrating how
Pigouvian taxes can be used to promote efficiency, which moreover in this case
means promoting environmental conservation.

Let us consider the following taxation scenario on firms: a proportional tax on
production (7y) combined with a proportional subsidy on pollution abatement (74).
In this case the firm’s profits are given by

r=(1—1y)B (%)"B (%):w—mx- (1—T)A-rK T,  (42)

where T is a lump-sum tax or subsidy, which is exogenously determined by the
government, equal to the budgetary balance resulting from the taxation scenario
which we have just defined: T = 7yY — 74A4. In this case, the first order conditions
for the maximization of profits (35) and (36) can be written as

~ [ A\TB
a-mBa-nd) (%) = (43)
- A\ 81
-romdB (%) = 1-7a (44)
and the asset market equilibrium condition as

1 - A\
gu(ry) = |1 =m)B1-nB) (£) ~ o (45)

o K/)um

Then, we can use this condition to calculate the optimal value for 7y. Making
9m = gp and (A/K)y = (A/K)p and using (30) we obtain the optimal value for
the tax rate

1 <A>1—-nﬁ [ . (A nﬁ—lJ
Ty = ————— [ = 1—-n8B —) : (46)
" B(1- nB) \K/p K/)p
which can be used in (44) to calculate the optimal value for the subsidy rate
1 - A\™P!
TH = = |1 —nBB ( —) . 47
AT iy [ n K)p } (47)

Observe that the system of equations to calculate the rates is completed with
equation (32), which defines implicitly the environmental quality level corresponding
to the efficient path. Moreover, it is easy to show that the optimal values for the
tax and subsidy rates do not only ensures that the growth rate corresponding to
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the equilibrium path is socially optimal but that the decentralized solution exactly
reproduces the efficient solution. The effect of this policy on growth depends on the
magnitude of the external effects in the production, so that only if the environmental
externalities in the production are enough high it may be expected that the optimal
environmental taxation boosts growth.

In order to evaluate the budgetary balance resulting from this policy we take

into account that s
. 1A
TY = TAE '},? .

P
Then we have that

) 1/A 1-nB A nB
T=1LYp— T5%Ap =Th=| = BKp| | -—7adp=0,
B\ K K
P P
which establishes, as it happened in Section 3.2, that the environmental policy
proposed is self-financing and it is not necessary to apply any lump-sum tax or
subsidy.

4.4 Environmental standards

Finally, we study what the effects of an environmental policy based on direct control
of pollution are. Asoccurred in Subsection 3.3, this kind of policy establishes a linear
relationship between A and K, A = EY/"K, so that the firm’s profits are given by

7=BKE®P —rK - A=BKFE®—rK — E'"K, (48)

and the first order condition for the maximization of profits can be written as r =
BE® — EV/7_In this case, the equilibrium condition in the asset market defines the
balanced growth rate of the economy

gm(E) =§(Bfﬁ—p—E%), (49)

and the optimal value E* is (A/K)%, since for this value the growth rate of the
market equilibrium is equal to the growth rate of the efficient allocation. Moreover,
this optimal values guarantee that the decentralized solution exactly reproduces
the efficient allocation. Again the implementation of the optimal policy may have
a positive effect but only if the environmental externalities in the production are
enough high.

This function has the same properties of the function gpc represented in Figure
2. Hence that this function presents a unique maximum associated with a positive

growth rate, and between the critical values for which g (E) = 0, the relation-

ship between E and g is positive if E is lower than the maximum and negative
when E is higher. Based on this relationship we find that a tighter sub-optimal
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environmental policy, starting from the emission level corresponding to the mar-
ket equilibrium, has beneficial effects not only on environmental quality but also
on growth rate, if this policy is not very restrictive, i.e. if small reductions in the
emission level are proposed, even if the growth rate of the equilibrium market is
higher than the efficient growth rate. In fact, we can define an interval of values for
A/K, ((A/K)m,(A/K)E), such that any tightening of environmental policy inside
this interval has a positive effect on growth.?® See Figure 2. For these values the
increment of production due to an improvement in environmental quality is greater
than the increment in resources required to reduce emissions and stabilize the envi-
ronmental quality so that a more restrictive environmental policy has positive effects
on both environmental quality and growth rate. However, once the upper limit of
the above interval is reached, the environmental policy does not have margin to
promote growth.

5 Conclusions

In this paper we have developed a model of endogenous growth a la Rebelo in
which environmental quality, which depends positively on pollution abatement and
negatively on capital stock, has positive effects on the utility of consumers and on
the productivity of capital. We have analyzed in the framework of this model the
effect of different environmental policies on the growth of the economy.

Our results establish that greater concern of individuals for the environment
reduces the long-term growth rate. This is so because, for the optimal values, the
marginal effect of environmental quality on the productivity of capital is lower than
the marginal effect of environmental quality on the opportunity cost of capital, so
that an increase of environmental quality has a negative effect on the growth rate
since the marginal cost of capital increases more than its marginal productivity. For
this reason the growth rate must decrease in order to recover the equilibrium in the
asset market when the willingness to pay for the environmental quality increases.

Furthermore, we show that the level of environmental quality associated with the
market equilibrium path is below the efficient level, while the growth rate may be
higher or lower depending on the extent of the external environmental effects in the
production. In this case, a policy which taxes production and subsidizes pollution
abatement would have a favorable effect on environmental quality, and could increase
the growth rate of the economy if the external effects are important. In addition, we
prove that this policy is neutral since it does not affect the budgetary balance of the
government because tax receipts are equal to expenditures, for this reason it could
be implemented without having to resort to lump-sum taxes/subsidies. Finally, we
show that tighter standards have a positive effect on the growth rate only if previous
standards were not very far from the level of environmental quality corresponding
to the market equilibrium.

*°Remember that environmental quality is a function of the A /K ratio.
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A Relationship between gc(A/K) and gk (A/K)

If we study functions (30) and (31) to determine whether the intersection point is
associated to a positive growth rate, we find two concave functions which present a
unique maximum for the following values

(2) =twsmi™, (%) - [nﬂBZ:f]ﬁ_ﬁ, (50)
n

which, keeping in mind that 8 < 1/7, yields (A/K)% < (A/K)¢. Furthermore, we
can establish that g/C (A/K) is negative at the intersection point. The derivative of

this function is
A\ 1 A\
/ i S el .
i (%) =7 [nﬂB (%) 1} , 61

which is negative if condition (27) is fulfilled. Then, if the productivity parameter,
B, is enough large, the maximum for both functions gives a positive value and the
intersection point defines a positive value for the growth rate. Notice that for a given
value of A/K, functions (30) and (31) are increasing with respect to B. Whether we
go further in this point we can see that whichever it is the value for the productivity
parameter, equation (32) has an unique, positive solution for o > an/(1+an). Then
what happens when the productivity parameter changes is that both curves move
simultaneously. It is easy to show that whether the parameter increases both curves
and the intersection point move up and left if an/(1 + an) < 0 < a/(a+ B) or up
and right if a/(a + B) < 0. Whether the parameter decreases they move down and
right if an/(1+an) < 0 < a/(a+ ) or down and left if a/(a+ () < o. But in any
case their relative position does not change and for this reason if the productivity
parameter is enough high we have to expect a positive value for the rate growth.

We can also conclude that g5 (4/K) > gk (A/K) for (A/K)p. Let us assume
that g (4/K) < g (A/K) then it is obtained that

o+ na(c—1
n
On the other hand, we can rewrite (32) as

§<-}3—)P [— (a(oc —1)+0B) B (%)1:3—1 + U+m7;°'_ 1)] =p>0,

nB-1
) < (oo~ 1) +op)moB (%) (52

which implies that

o +na(oc —1) AN
. >(a(a——1)+aﬁ)B< )P ‘
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Then given that 78 < 1, we obtain that

o+ na(oc —1)
n

But this inequality defines a contradiction with respect to (52), so that we have to
conclude that go (A/K) > gk (A/K) for (A/K)p.

B—1
> (a(c — 1)+ oB) nBB <£—)Z : (53)

B The effects of greener preferences

Differentiating the left-hand side of equation (32), we obtain

:0 + nan(a Y _(a(c —1)+08) 08B (%)f-l} d (%)P (54)

[ A AN\"B
= lp—(c-1 (= -1)B (= :

-p (c —1) <K>P+(a )B <K)PJda
The sign of the parenthesis of the left-hand side is positive given (53). To know the
sign of the parenthesis of the right-hand side, we use again (32) which we rewrite as

A A\ g /A4 1 A\"P-1
— (o0 — — - 1)B | — =— (= - —06B| =
p-lo 1)(K)P+(U ) <K>P CX(K)P["? g <K)P }’ 9
where the sign of the parenthesis of the right-hand side is positive as long as condi-

tion (27) must be satisfied for the optimal solution. The result is that the partial
derivative of (A/K)p with respect to a is positive.
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