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Abstract

In this paper one and two sector growth models which take account of environmental deterioration
and abatement are analyzed. A growth model is formulated in which environmental resources are used
in production. As a consequence of the use of environmental resources the quality of the natural
environment deteriorates which has in tumn & negative effect on production and welfare, On the other
hand the natural environment has self-regenerating capacities. Furthermore, pollution can be
diminished by devoting some part of the output from the production process to abatement activities. It
appears that in a one sector model, in a situation of balanced growth, production, consumption,
investment in physical capital, abatement and the use of environmental resources have equal (positive)
growth rates, while the quality of the natural environment remains constant. If we add to the model a
sector which produces knowledge about the efficient uss of environmental resources, we find that in a
situation of balanced growth all growth rates must be equal to zero. So, we find the counterintuitive
result that adding the possibility of the production of knowledge of an efficient use of environmental
resources breaks the balanced growth rate of the economy down to zero. The only way out is to relax
the definition of balanced growth, in order to be able to study sustainable development in growth
models in a meaningful way.
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1. Introduction

In recent years, economists have been showing a growing interest in environmental issues. Especially
the link between environmental policies and economic growth has the attention of both economists and
politicians. The concept of sustainable development plays & central role in the discussion. With
sustainable development one refers to ecologically sustainable development, which means maintaining
the natural (i.e. ecological) basis of economic development. In order to be able to analyse the
conditions under which sustainable development is possible, the interactions between the environment
and the economy have to be modelled. On the one hand the environment influences production
passibilities and welfare, while on the other hand production diminishes the quality and quantity of
environmental resources, by the use of resources and through pollution. A continuously decreasing
quality and quantity of natural resources cannot support growing or even constant levels of physical
ecenomic output in the distant future.

In the seventies and cighties the impact of pollution, which arises as an inevitabie
side-product of economic activity, was studied in the context of Ramsey type growth models (see e.g.
Forster (1973), Gruver (1976) and Van der Ploeg and Withagen (1991)). In the past few years, in the
slipstream of the new endogenous growth theory, the interest in growth models which incorporate the
environment is renewed. Gradus and Smulders (1993) analyse two endogemous growth models in
which pollution arises as an inevitable by-product from the use of capital in production and enters the
social welfare function as a disutility. Although in such models the conventional balanced growth
paths can be derived, nothing can be said about the ecological sustainability of the economy in the
long run. In order to be able to analyse the ecological sustainability, the absorption and regenerative
capacities of the natural environment have to be modelled. Bovenberg and Smulders (1993) develop a
growth model in which the natural environment on the one hand deteriorates as a consequence of a
polluting production process, but on the other hand has certain self-regenerating capacitics. The
regeneration function they use is based on Tahvonen and Kuuluvainen (1991). This regeneration
function is such that the higher the level of pollution the lower the self-regenerative capacities of the
natural environment.

In this paper one and two sector growth models are developed, in which the
environment plays a role both in production and welfare. On the one hand the environment deteriora-
tes due (o production and on the other hand it has certain self-regenerative capacities. Moreover, the
models allow for abatement activities, It appears that in a one sector model, in & situation of balanced
growth, production, consumption, investment in physical capital, abatement and the use of environ-
mental resources have equal (positive) growth rates, while the quality of the natural environment
remains constant, If we add to the model a sector which produces knowledge about the efficient use
of environmental resources, we find that in a situation of balanced growth all growth rates must be
equal to zero. So, we find the counterintuitive result that adding the possibility of the production of
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knowledge of an efficient use of environmental resources breaks the balanced growth rate of the
economy down to Zero. In sections 2 and 3 conditions for optimal and balanced growth in one
respectively two sector models are analysed. Section 4 gives some suggestions to relax the definition
of balanced growth in order to make the models less restrictive. Finally, section 5 concludes.

2. Abatement in a one sector model

Consider an economy with only one production-sector producing a final good, Y, using physical
capital, K, and environmental resources, Q, as inputs. Q can be thought of as the use of natural
resources like emergy, or other kinds of polluting use of environmental resouroes Withowt less of
generality we assume that Y has constant retumms with respect to K and Q. Furthermore, the natural
environment, i.e., the aggregate stock of patural capital, E, serves as an input in the production
process. A better state of the natural environment involves for example healthier workers with higher
marginal productivity. So, we assume that there is both extractive use (Q) and non-extractive use (E)
of the natural environment.

The use of environmental resources in the production of Y reduces the quality of
the natural euvironment. On the other hand the quality of the environment can be improved by
abatement activities (A). These abatement activities go at the expense of consumption and investment
in physical capitai, as final goods can either be consumed, or invested in order to accumulate physical
capital, or used for abatement activities. We distinguish between gross and net pollution. Net pollution
P is a function of the amount of environmental resources Q used in production (gross pollution) and
the amount of abatement activities A.

Furthermore, the natural environment has some self-regenerative capacities which
depend upon the guality of the natural environment itself and upon the level of net pollution. Like
Bovenberg and Smulders we follow Tahvonen and Kuuluvainen {1991) for the specification of the
regeneration function of the matural environment. The regenerative capacity of the natural environ-
ment decreases with an increasing level of met pollution, while the level of net pollution decreases
with an increasing level of abatement. Furthermore, it is assumed that the higher the quality of the
natural environment the larger the (negative) influence of pellution on the regenerative capacity. So,
when the quality of the natural environment improves it becomes increasingly difficult to reach further
improvements of the same (relative) size. Finally, the higher the level of {gross) pollution, the larger
the effect of an extra unit of abatement. This means that reducing pollution gets increasingly difficult.
As we will see in the sequel, these assumptions will restrict the set of feasible balanced growth paths
seriously. It must, however, be noted that the assumptions made presuppose that the quality of the
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natural environment is such that it is pot the case that some point of no return is passed, beyond
which irreversible damage has occurred. Beyond such a point of no return, it could be the case that
the (negative) influence of pollution on the regenerative capacities of the natural environment
increases as the environment deteriorates.

The final good can either be consumed (C), used for abatement (A) or invested
(K) in order to accumulate physical capital, which serves future consumption and abatement. Social
welfare, W, is assumed to be dependent upon the utility of a representative conmsumer, who is
supposed to be infinitely lived. Instantaneovs individual utility depends upon individual consumption ¢
(c=C/L, where C is aggregate consumption and L is population which is assumed to be constant over
time') and upon the quality of the natural environment: u(c,E). The rate of time preference is given
by 0.

Mathematically the model looks as follows:

W = 1 €' w(c,E) dt
K = YK,Q.E)-C-4

E = NE,P(Q,4))

with Np<0, Np<0, Ng<0, Py>>0, P,<0, Py, <0 and P,,>0. A dot represents a time derivative,
subscripts attached to a function symbol denote partial derivatives.

We will now consider under which conditions balanced growth is feasible,
Balanced growth is defined as a situation in which all variables grow at a constant (possibly zero) rate
and in which the allocative variables, i.e., C/Y and A/Y, are constant. It is easy to see that in a
situstion of balanced growth A, C, Y and K grow at the same rate and consequently also K grows at
this common rate. Let us denote this common growth rate by g and the growth mates of Y, C, K, A,
Q and E respectively by gy, gc, 8k 84, 2o and gg. So, in balanced growth we have:

From the production function we have:

8y = g + (1-0)gy + Py 8y : 2.2

where o is the production-elasticity of K, (l-o) is the production-elasticity of Q and ug is the

'Although labour is not modelled explicitly in the production function, it can be assumed that the
production function is dependent upon the size of the working force.
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production-elasticity of E. Furthermore, from the regeneration function we have :

8= Az 8+ Ap(Rg8p+2,8) (2.3)

where Ag is the regeneration-elasticity of E, A; is the regeneration-elasticity of P, A, is the pollution-
elasticity of Q and X, is the pollution-elasticity of A. In a situation of balanced growth we have that:

g.ﬁ' - g‘t - gx = 0 (2.4)

Now we can derive from (2.1), (2.2}, (2.3) and (2.4) that, in a situation of
balanced growth, we have the following relations between the growth rate of the quality of the naturat
environment and the growth raie of abatement and between the growth rate of the use of envirommen-
tal resources and the growth rate of abatement:

B
(l At A, (1_-::-)-] 8 = Ap (Ao + 2 8, @3
and
8o =8, - %
@78 " qly %
(2.6)
_ T rp (1Q +2)

84

TR - A+ Ap Ag b/ (1-0))

Note that the specification of the regeneration function implies certain restrictions
with respect to the growth rate of the quality of the natural environment on a balanced growth path.
The quality of the natural environment can only increase at a constant rate if net pollution decreases at
an increasing rate, which would require either abatement to grow st an increasing rate or the use of
natural resources to decrease at an increasing rate. Hence on a balanced growth path the quality of the
environment and the level of net pollution have to be constant (g;=g,=0). But then we derive from
(2.5) and (2.6) that the growth rates of abatement and the use of environmental resources are equal o
each other (g,=g,)- Furthermore, in order to keep the growth rate of net pollution equal to zero, it is
necessary that the pollution-elasticity of abatement is equal to minus the pollution-elasticity of the use
of environmental resources (A,=-Ay). The latter equality is rather restricting, since it implies that,
given the assumptions with respect to the regeneration function, -only for & very special relationship
between on the one hand net pollution and on the other hand the use of environmental resources and
abatement there is # feasible balanced growth path,

Finally, we will analyse the conditions under which balanced growth is also
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optimal. Society’s optimisation problem is given by:

max ‘[ e U(c(t),EQ) &

2.7
st. K=YKQE) ~-C~-A
E = ME,P(Q,4))
The social optimal plan implies the following conditions:
¢ 1|oX Uk, @9
c p |dK U,
where p = .U /U, and
8y _oaNap | U av| N _ i _ A 2.9)
9K 9P ad U JE| 9 p X

where X and g denote respectively the shadow price of physical capital and of natural resources.

Equation (2.8) gives the optimal allocation between current and future consumpti-
on. Consumption is postponed if the marginal contribution to future utility of consumption foregone
exceeds the rate of time preference. The marginal contribution to future wtility of consumption
foregone, which can be called the social interest rate, is represented by the first two terms in long
brackets in equation (2.8). Savings add to the physical capital stock and increase future output of the
final good. Furthermore, future consumption is higher valued if the eavironment improves. So, a
necessary condition for positive per capita growth is that the social interest rate exceeds the rate of
time preference.

Equation (2.9) states that the natural environment should yield the same return as
physical capital. Returns on the natural environment (right hand side of equation (2.9)) consist of
increased margival utility, increased marginal productivity, and increased regenerative capacity of the
natursl environment and furthermore it consists of changes in relative prices (capital gains).

On a balanced growth path (2.8) and (2.9) can be written as

g = % (r-0) | (2.10)

respectively



_ 3N 3P e . Y|  aN @.11)
" al|tTtE|TE"?
where
r= %
oK

The optimal balanced growth rate is now given by the intersection of the two lines represented by
(2.10) and (2.11). (2.10) gives the growth rate associated fo any rate of return (r) that is preferred
given intertemporal preferences, while (2.11) gives the growth rate that is sustainable for any r in the
long run and that is consistent with optimal allocation.

3. Abatement in a two sector model

Let us consider an economy consisting of two sectors. Following Bovenberg and Smulders (1993) we
add a kmowledge or learning sector, producing knowledge, h, about an efficient or pollution-saving
use of environmental resources. Like the final good sector, also the knowledge sector exhibits
constant returns to scale with respect to its two inputs physical capital and effective use of environ-
mental resources. The effective input of environmental resources is given by h.Q. Now the total stock
of physicai capital and the total effective use of environmental resources is allocated between the final
good sector and the knowledge sector. Let u respectively v be the share of physical capital and the
-share of effective environmental resources used in the final goods sector, and let (1-u) respectively
(1-v) be the share of physical capital and the share of effective ervironmental resources used in the
knowledge sector: Ky = u.K, h.Qy = v.h.Q, K;; = (1-u).K and h.Q, = (1-v).h.Q. Let the growth
of knowledge be given by:

k= HKHh.Qp
Analogously to the one-sector model, we have in a situation of balanced growth:
8y =8 =8~ 8, G.1

From the production function of the final good we have:



8y = agg + (l”u)(gq"'gh) * P 8 (3.2)

while from the production function of knowledge we have:

8y = €8¢ *+ (1-e)(gy+gy) ' (3.3

where e is the knowledge-elasticity of physical capital and (1-¢) is the knowledge-elasticity of the use
of environmental resources.

In a situation of balanced growth gz=g, and gz =g;. Using (3.1), (3.2) and.(3.3)
we can derive that: '

- e _PE 3.4
&o € (1-a) &p 3.4

Furthermore, using (2.3) we have that:
2 B

'(1 ~Agred, Q-(T-%)"]gx‘"r Ay 8y 63

Like in the one sector model the specification of the regeneration function implies that in a situation
of ‘balanced growth the quality of the environment will be constant, i.e., gg=0. But then, using (3.4),
also the growth rate of the use of environmental resources has to be zero. Consequently, also the
growth rate of abatement has to be zero in order to keep net pollution constant (see also (3.5)). But
then, using (3.1), also the growth rates of Y, C and X have to be equal to zero, In other words the
only feasible balanced growth path of the two sector economy with abatement is one where sll the
growth rates are equal to zero. So, we find the counterintuitive result that adding the possibility of the
production of knowledge of an efficient use of environmental resources breaks the balanced growth
rate of the economy down to zero. The intuition behind this result is that the production of knowledge
suffices to attain constant growth rates of Y, C and A, keeping Q constant. However, the regeneration
function requires that net pollution remains constant in a situation of balanced growth. Constant net
pollution, given constant use of environmental resources requires a constant level of abatement, which
in turn requires the level of Y to be constant to maintain a constant allocation.

The above result breaks down to a result comparable to the result in the one
sector model, if the knowledge sector would exhibit decreasing returns to scale with respect to its
inputs. In the case of decreasing returns to scale knowledge production alone would not suffice to
keep the production of the final good growing at a constant rate without increasing the use of
environmental resources. Analogously to the one sector case, in a situation of balanced growth the use
of environmental resources will also be growing at a constant rate. Furthertmore, in order to maintain
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a constant allocation abatement will have to grow st the same rate as production, consumption and
investment, But then again, given the growth rates of abatement and the use of environmental
resources, the quality of the environment will only be constant if the pollution elasticities of Q and A
are such that the growth rates of Q and A exactly outweigh each other given these pollution
elasticities, such that net pollution remains constant. It can be derived that, in order to guarantee the
feasibility of balanced growth, the following relation should hold with respect to the pollution
elasticities of abatement and of the use of environmental resources: A, / Aq = & + € - 1, where & is
the knowledge-elasticity of physical capital and ¢ is the knowledge-elasticity of the use of environ-

mental resources.

4., Relaxing Balanced Growth

In the previous sections we have seen that the introduction of a regeneration function in the context of
balanced growth implies some serious restrictions with respect to the pollution function. The
introduction of a regeneration function and its restrictive implications is closely related to the concept
of sustainable development. Introducing sustainable development in the context of balanced growth
models implies that not only all traditional economic variables should grow at a constant rate, but also
that the quality of the natural environment should grow at a constant (possibly zero) rate, which is a
strong condition to impose. It seems matural to drop the balanced growth restriction with respect to
the quality of the environment and replace this requirement with the restriction that the growth rate of
the quality of the natural environment should be greater than or equal to zero at all times. This in turn
requires the growth rate of net pollution to be smaller than or equal to zero. Note, however, that the
growth rate of the quality of the natural environment influences the growth rate of output, since the
quality of the natural environment is also a factor of production. Consequently, when we drop the
assumption of a constant growth rate of the quality of the natural environment, we will also have to
drop the assumption of a constant growth rate with respect to one or more other (economic) variables.
In the following we will discuss some suggestions to relax the definition of balanced growth in the
different models.

In the one sector model, assuming that C/Y, A/Y and the growth rates of Y, C,
A and X are constant, we have, using (2.1) and (2.2), that

8= 8~ 1., 8 @.1

Now, if the growth rate of the eaviropment is positive, the growth rate of Q will be smaller than in
the balanced growth solution of section 2. However, as gg declines (keeping g constant would require
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an increasing growth rate of A or a decreasing growth rate of Q) the growth rate of Q will have to
increase in order to keep the economy growing at a constant rate. So for decreasing g, g, increases
according to (4.1) and the asymptotic growth rates will be the balanced growth rates of section 2.
Finally, in order to guarantee that the growth rate of net pollution, g, is smaller than or equasl to zero
(which will guarantee that g, is larger than or equal to zero), it is necessary that the pollution-
elasticity of abatement is smaller than or equal to minus the pollution-elasticity of the use of
environmental resources (A, < =-Ag), since the asymptotic growth rate of Q is equal to the balanced
growth rate of A. This latter inequality seems less restricting than the equality between A, and -Aq
required in the balanced growth solution. However, this is still rather restricting, as it requires at least
the same (absolute value of the) pollution elasticity of abatement as in the balanced growth case.

In the ¢two sector model with decreasing returns to scale in the knowledge sector
we have an amalogous situation. Again an increasing growth rate of Q should compensate for a
declining growth rate of E, in order to keep the economy growing in the long run. Asymptotically the
economy will be in the balanced growth solution of section 3. In order to guarantee that pollution will
not increase eventually, it will be necessary that A, <= «(1-3-€) Ay- The smaller §+¢ (i.e. the more
*serious’ the decreasing returns), the larger the growth rate of Q should be to compensate for the
decreasing returns and the more restricting the constraint with respect to A,.

In the two sector model with constant returns to scale in both sectors the growth
rate of Q should be negative to compensate for a positive growth rate of the natural environment,
From (3.2) and (3.3) we have, using g; = g,, that

€
fo= - T bate “.2)

As gp declines, g, will have to increase (i.e., become less megative) in order to keep the economy
growing and the asymptotic growth rate of Q will be equal to zero. Now, since g, is non-positive, g;
is also non-positive and no restrictions on the pollution elasticities of Q and A are required.

An alternative solution to prevent the optimal growth rate from breaking down to
zero as shown in section 3 under balanced growth, is to drop the restriction of a constant aflocation
with respect o abatement. In the two sector model with constant returns to scale in both sectors,
abatement is in fact redundant, since growing knowledge suffices to keep the final good growing at a
constant rate. So, it is optimal to keep A and Q constant, i.e. g,=go=0. However, from the capital
accumulation equation we then have that physical capital, K, will grow faster than output, Y. In a
growing economy, abatement, which is kept constant, will become less and less important and the
growth rate of K will asymptotically be equal to that of Y (and equal to the balanced growth rate as
derived in section 3). Note, that again no restrictions are required with respect to the pollution
function.
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5. Conclusions

In this paper we have analysed balanced growth paths which are ecological sustainable, in one and
two sector growth models which incorporate eavironmental issues. The state of the natural environ-
ment is described using a regeneration function based on Tahvonen and Kuuluvainen (1991). It
appears that using the concept of sustainable growth in combination with the specified regeneration
function imposes strong conditions on the models in order to maintain feasibility of balanced growth
paths. These restrictions make the models rather unrealistic. This could, however, with respect to the
regeneration function, only be circumvented if we specify a regeneration function which allows the
quality of the natural environment to grow at & constant (positive) rate when abatement increases at a
constant rate or the use of environmental resources decreases at a constant rate. However one could
argue how realistic such assumptions with respect to the regeneration fuonction would be.

Another possibility to avoid too strong restrictions is to relax the definition of
balanced growth. It seems natural to drop the requirement that the growth rate of the mnatural
environment should be constant. For sustainable development, i.e. no deterioration of the natural
environment, it is sufficient to require that the growth rate of the natural environment is larger than or
equal to zero, However, since the natural environment is also a factor of production, this will have an
effect on the growth rates of other (economic) variables. Consequently, in order to guaraniee
sustained growth, we will also have to drop the assumption of a constant growth rate for at Jeast one
other (economic) variable, Furthermore, in two of the three models considered we still have rather
strong restrictions with respect to the pollution function. Only in the two sector model where both the
final goods sector and the knowledge sector exhibit constant returns to scale no restrictions with
respect to the pollution function are necessary: in this case growth of knowledge suffices to keep the
final goods sector growing at a constant rate,-'keeping the use of environmental resources at a constant
level. Hence in this model pollution will not increase and consequently the environment will not
deteriorate.



11

References

Bovenberg, A.L. and S, Smulders (1993), Environmental Quality and Pollution Saving Technological
Change: a two-sector endogenous growth model, mimeo, Tilburg University.

Forster, B.A. (1973), Optimal Capital Accunmlation in a Polluted Environment, Southern Economic
Journal, 39, pp. 544-547. '

Gradus, R. and 8. Smulders (1993), The Trade-off between Environmenial Care and Long-Term
Growth: pollution in three prototype growth models, forthcoming in Journal of Econ-

omics.

Gruver, G. (1976), Optimal Investment and Pollution Control in a Neoclassical Growth Context,
Journal of Environmental Economics and Management, S, pp.165-177.

Keeler, E., M. Spence and R. Zeckhauser (1971), The Optimal Control of Polluwtion, Journal of
Economic Theory, 4, pp. 19-34.

Mulligan, C.B. and X. Sala-i-Martin (1992), Transitional Dynamics in Two-Sector Models of
Endogenous Growth, NBER Working Paper, 3986.

Ploeg, F. v.d. and C. Withagen (1991), Pollution Control and the Ramsey Problem, Environmental
and Resource Economics, 1, pp. 215-236.

Tahvonen, O. and J. Kuuluvainen (1991), Optimal Growth with Renewable Resources and Pollution,
European Economic Review, 35, pp. 650-661.



1992-1

1992.2

1592-3

1992-4

1992-5

1992-6

19927

1992-8

1992-9

1992-10

1992-11

1992-12

1992-13

1992-14

1992-15

1992-16

1992-17

1992-18

R.J. Boucherie
N.M. van Dijk

R. van Zijp
H. Visser

H.L.M.Kox

M. Boogaard
R.J. Veldwijk

J M. de Graaff
R.T, Veldwijk
M. Boogaard

R.J. Veldwijk
M. Boogaard

E.R.K. Spoor

R.L.M. Peeters

M. Miyazawa
H.C. Tijms

H. Houba
J.C. van Ours
G. Ridder

L. Broersma
P.H. Franses

A.AM.Boons
F.A.Roozen

$.J. Fischer

1.A. Vijlbrief

C.P.M. Wilderom

I.B. Miner
A, Pastor

J.C. van Quss
G. Ridder

K. Dzhaparidze
P. Spreij

J.A. Vijlbrief

12

Local Balance in Queueing Networks with Positive and Negative
Customers

Mathematical Formalization and the Analysis of Cantillon Effects

Towards International Instruments for Sustainable Development

Automatic Relational Database Restructuring

Why Views Do Not Provide Logical Data Independence

Assessing the Software Crisis: Why Information Systems are Beyond
Control
Identification on a Manifold of Systems

Comparison of Two Approximations for the Loss
Probability in Finite-Buffer Queues

Non-Cooperative Bargaining in Infinitely Repested Games with
Binding Contracts

Job Competition by Educational Level

A model for quarterly unemployment in Canada

Symptoms of Dysfunctional Cost Information Systems

A Control Perspective on Information Technology

Equity and Efficiency in Unemployment Insurance
Organizational Typology: Superficial Foursome of Organization
Science?

Vacancy Durations: Search or Selection?

Spectral Characterization of the Optional Quadratic

Variation Process

Unemployment Insurance in the Netherlands, Sweden, The United
Kingdom and Germany



