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The effects of increased environmental care on optimal technology choice
and long-term growth are studied for an economy in which pollution is a
side-product of physical capital used in production. First, it is shown that
in case of a standard neoclassical production structure, the result is a less
capital-intensive production process whereas the long-run growth rate is not
affected. Next, we introduce assumptions of the endogenous growth literature.
When there are constant returns to physical capital, an increase in abatement
activities crowds out investment and lowers the endogenous growth rate. When
human capital accumulation is the engine of growth, physical capital intensity
declines and the endogenous optimal growth rate is unaffected by increased
environmental care or is even higher, depending on whether or not pollution
influences agents’ ability to learn.

1. Introduction

In recent years, during which an unpolluted environment has become
more and more a scarce commodity, economists have shown an in-
creasing interest in environmental issues. An important question in this
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respect i1s whether the long-run growth rate of an economy 1s affected
by environmental care. Some economists have argued that long-run
growth rates depend on the efforts to clean up the environment, while
others have argued that environmental efforts are necessary for the short
run but will not influence long-term growth rates. In this paper we try
to shed some light on the question by applying some of the insights of
the new “endogenous growth™ literature.

In the current literature on environmental 1ssues 1n economics we
can distinguish three main directions. The first analyzes how the 1n-
tertemporal allocation of resources 1s affected by environmental 1ssues.
The classical Ramsey problem is applied to an economy where pollution
1s an inevitable side-effect of economic activity. Consumers maximize
a utility function, which depends on both consumption and the quality
of the environment, by choosing the level of investment, consumption,
and abatement activities. Seminal work is carried out by Forster (1973)
whose framework 1s extended by Gruver (1976), Luptacik and Schu-
bert (1982), Siebert (1987), Van der Ploeg and Withagen (1991), and
others. The main conclusion from this literature is that if one allows for
pollution effects in the classical Ramsey problem, the optimal capital
stock 1s less than under the golden rule.

A second direction in the literature focuses on the question, how a
social optimum can be sustained in a market economy. Because pollu-
tion causes externalities, market outcomes are inefficient and there 1s a
role for the government. Different instruments can be introduced like
Pigouvian taxes, markets for pollution rights, binding quota restrictions,
and property rights. The literature discusses the differences between
these four instruments (e.g., Dasgupta, 1982; and Siebert, 1987). It 1s
also possible to analyze this question within an optimal tax framework
(e.g., Gradus and Kort, 1992), where the credibility of the government
plays a role in the effectiveness of the different instruments.

In the third and more recent stream of literature the international
aspects of pollution are analyzed. Hereby, different countries have dif-
ferent attitudes towards pollution, and cooperation may be important
(e.g., Benhabib and Radner, 1989; Kaitala etal., 1991; and Van der
Ploeg and De Zeeuw, 1992).

Surprisingly, long-term growth aspects of environmental economics
are somewhat underexposed in the formal literature. In most models
long-term growth 1s ignored or the growth rate i1s exogenously given
(e.g., Miler, 1975). In this paper we study the relations among pol-
lution, technology choice, and optimal growth within three prototype
growth models. We are especially interested in the question how these
three entities are influenced 1f the society becomes more interested in
environmental care.
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In Sect. 2, we set up a basic structure for studying the problem.
Pollution arises from the use of capital in production and enters the
social welfare function as a disutility. Three model variants with dif-
ferent production structures are distinguished, corresponding to three
representative growth models from the literature. First, we use the neo-
classical production structure with exogenously given rate of techno-
logical progress. In Sect. 3, we turn to two main models from the
endogenous growth literature. We consider the Romer (1986) produc-
tion structure with constant returns to capital, which is popularized by
Rebelo’s (1991) “AK-model.” It 1s shown that in this second model
variant there 1s a negative relation between the optimal growth rate and
the concern for the environment. As a third variant, we show that if
the production structure of Lucas (1988) is applied, long-run growth is
not influenced by environmental preferences. In Sect. 4, we extend the
Lucas model (1988) further by assuming pollution effects on the pro-
duction structure. Human capital accumulation is the engine of growth
and the learning ability of people can be influenced by environmental
issues. This model points out how an increased willingness to clean
up pollution can stimulate growth. In Sect. 5, we reflect on the nature
of environmental care by distinguishing between abatement of existing
pollution and shifts towards less polluting production processes. Finally,
Sect. 6 summarizes and gives some suggestions for future research. The
appendix contains the full derivations of the model equations used in
the text.

2. Optimal Growth Theory and Pollution

To study the effects of environmental care on optimal growth rates and
technology choice, we consider an economy where pollution damages
social welfare. Hereby, we build on the analysis orginally invited by
Forster (1973) and later on worked out in more details by Luptacik and
Schubert (1982), and by Van der Ploeg and Withagen (1991). Pollution
1S an 1nevitable by-product of production, but can be diminished by
devoting some part of output to abatement activities. As a result, the
soclety faces a trade-off between consumption, growth, and abatement,
all of which contribute to intertemporal welfare and the sum of which
1s constrained by the level of output.

In the literature there 1s some discussion about the source of pol-
lution. Forster (1973), and Van der Ploeg and Withagen (1991) take
pollution as a linear function of production. Luptacik and Schubert
(1982) have three sources of pollution: consumption, production, and
the capital stock. For the proposal of this paper we assume that the
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ramount of pollution is a function of the capital stock. Another impor-
tant question in the literature is whether pollution should be modeled as
a stock or a flow variable. In the earlier literature, e.g., Forster (1973)
and Gruver (1976), the effects of the flow of pollution on welfare are
considered. Luptacik and Schubert (1982) consider the effect of the
stock on welfare, while Van der Ploeg and Withagen (1991) take both
effects. Here we concentrate on pollution as a flow. However, it can
be shown that production, rather than capital, as a source of pollution
and/or pollution as a stock, rather than a flow, yield the same conclu-
sions with respect to the relation between growth and environmental
care.

Taking together our assumptions, the society’s optimization problem
can be written as

29 @
max/ e_ﬁ’U(——, P)dr, B0, st <) pi < (2.1)]
0 L UPP = 0, U{'P = 0,
U{'-:'UPP = UEP =2 0 y
St Pa=iPlK A B =100 o BP0 (2.2)
K=YK.hL)—-C—-A, KO =K, (2.3)

where 9, c = C/L, L, P, K, and A denote the discount rate, per capita
consumption, population (work force), (net) pollution, physical capital,
and abatement activities. A subscript denotes a partial derivative, a dot
denotes a time derivative. Y represents output which 1s produced using
physical capital (K) and labor measured in efficiency units (2L). For
simplicity we ignore depreciation.

The social optimal plan implies two optimum conditions:

V=250 piPA", (2.4)
UpP + LUpP
(e 2 @l @)
& O
where A = L/L and n = —U,/cU,., i.e., the elasticity of intertemporal

substitution between current and future consumption. Equation (2.4)
gives the optimum allocation between current consumption and current
abatement activities. The marginal contributions to utility of both vari-
ables are equalized in the optimum. The marginal utility of abatement

I Note that social welfare is assumed to depend on the utility of a repre-
sentative consumer over an infinite horizon. We do not discuss the effects of
different weights on future generations or other intergenerational 1Ssues.
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1s multiplied by the size of the population (L) because abatement af-
fects pollution which has a public good character. Equation (2.5) gives
the optimum allocation between current and future consumption. This
allocation obviously depends on the marginal contribution to future
utility of consumption foregone, which can be called the “social inter-
est rate,” denoted by r. Savings add to the current stock of capital and
increase future output by Yg. But future consumption is lower valued

If pollution grows (U.p P < 0). Moreover, a larger capital stock leads
to increased pollution, which 1s a disutility (Up Pk < 0). Hence, the
social interest rate r 1s represented by the first term in long brackets.
[t 1s optimal to postpone consumption (¢/c¢ > 0) when r exceeds the
rate of time preference (J + A). Of course, Eq. (2.5) is a version of the
well-known Keynes—Ramsey rule. It differs from the traditional version
because of the wedge between the marginal product of capital (Y ) and
the social marginal value of capital r.

The Ramsey rule for the decentralized economy is similar to Eq.
(2.5), but with the term LUp Pk /U, left out. The market rate of in-
terest 1s larger than the social rate of interest because the effects on
pollution of an additional unit of capital are ignored by private agents.
By introducing a tax on pollution, the social optimum can be attained.

Taking together both optimum conditions and defining r we can
write

( PK /&
¢ P
— Vier o Pk 'S P (2:77)
S s ~
where { = —PU.p/U.. From these equations we see that the neces-

sary condition for positive per capita growth is that the social rate of
interest » may not fall below the rate of time preference # + A. This
imposes restrictions on the combination of the production function, the
pollution function, and the utility function. With regard to the produc-
tion function, the physical marginal product of capital, Yx , must be
sufficiently larger than the rate of time preference to compensate for
the marginal abatement costs associated with capital (P4 /Pg < 0) and

the utility losses due to pollution (£ P/P). A falling marginal product
of capital would decrease r below % + A and growth would peter out.
This condition on the production function can be met in several ways.
In the sequel we consider three cases in all of which Yg (K, AL) can be
kept constant because i L grows, either exogenously or endogenously.
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~ With regard to the pollution and abatement function, the net so-
cial cost of pollution |Pg/P4| may not rise too fast relative to Y.
If a larger and larger part of total resources Y has to be devoted to
abatement when the capital stock rises, then at some moment in time
it will become optimal to stop capital accumulation and growth. In
other words, pollution may not technically be insurmountable. There-
fore, in the subsequent growth analysis, we assume that pollution can
remain constant when abatement activities are kept in pace with capital
accumulation.

Finally ¢ P/P may not rise too fast. If increasing pollution in-
fluences more and more the pleasure from consumption of physical
goods (i.e., if ¢ increases in P), the society will wish to stabilize or
decrease pollution levels. Note that this tendency also results if one
models absolute limits on the pollution level which can be borne by
the environment.

We now turn to three specifications of the model being as close as
possible to the main existing growth models. We choose specifications
of the pollution and utility function that guarantee a balanced growth
solution and we focus on long-term equilibria.

2.1 Neoclassical Model

In the traditional neoclassical (Cass—Koopmans) growth model, the pro-
duction function Y (K, 4 L) 1s of the Solow type with constant returns to
scale but diminishing returns to capital or labor separately. The supply
of effective labor (2 L) i1s exogenous at any moment in time and grows
at rate v + A. In constrast with the interest rate, the long-run growth
rate 1s solely determined by the technological opportunities and not by
preferences or pollution. Changes in preferences affecting Pgx /P4 and

¢ P/ P are offset by changes in Yk such that C grows at an exogenous
rate [see Eq. (2.6)]. As long as capital input 1s growing faster (slower)
than effective labor input, the marginal product Y, declines (rises) be-
cause of the diminishing returns to capital. Therefore, in a situation of
balanced growth (with » constant), the rate of growth of capital, output,
and (aggregate) consumption will equal the sum of the growth of the
labor force, A, and the rate of labor augmenting technological change,
v, which are exogenously given. This growth rate 1s equal to the rate
in the Cass—Koopmans economy without pollution.

To illustrate the described effects on growth (g), marginal value
of capital (r), and physical marginal product (Yx) we take a Cobb—
Douglas production function and choose the following, admittedly sim-
ple, specifications for utility and for pollution:
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Uic. P) = Inc 1 fw pltv , (2.8)
K\vY
P(K, A) = (74-) | (2.9)

The social optimum is characterized by the following relations (see
appendix for derivation):

g=A4+v, (2.10)
PR (2.11)
ey Y ol Xl |

r=pe— ' [0+ 0 - p] (2.12)

where f 1s the production elasticity of capital and u = 1 +y +y ¢ > 1.
Equation (2.10) gives the growth rate that is attainable in the long run
and 1s drawn in Fig. 1 by the line labeled TECH. Equation (2.11) is
the Keynes—Ramsey rule for balanced growth [note that (2.8) implies
n =1 and § = 0]. It 1s drawn as the PREF-line giving the growth rate
associated to any social rate of return to saving and investment () that
1s desired given intertemporal preferences. Finally, Eq. (2.12) defines
the CAP-line giving for any r the output to capital ratio that is desired
in the long run and that is consistent with optimal static allocation.

T'he solution for an economy where pollution effects of capital ac-
cumulation are not internalized (i.e., the Cass—Koopmans economy) is
found by setting ¢ = 0. Then, the marginal return to capital r is equal
to the marginal product of capital 8Y /K. Point M in Fig. 1 corresponds
to this case. An interesting question is what will change, if the society’s
preferences are shifted towards more environmental care (i.e., a shift
from ¢ = 0 to ¢, or from ¢, to ¢). Long-run growth is not affected,
because the growth rate in neoclassical growth theory is determined
by technological parameters. What will change is, of course, the out-
put to capital ratio. A larger disutility of pollution (larger ¢) increases
the wedge between marginal product and social marginal productivity
of capital. To attain the same social rate of return on savings and in-
vestment, the marginal productivity of capital has to rise to offset the
increased disutility of pollution and therefore the CAP-line shifts down.
The economy will experience a transition period of lower growth dur-
ing which the capital intensity declines. Due to the diminishing returns
to capital the interest rate gradually recovers. In the new steady state
the economy is transformed to a less capital intensive, less polluting
production process and r and g are ultimately unchanged.
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Fig. 1: Neoclassical case

3. Endogenous Growth

In the previous section it is described how environmental aspects can
be incorporated in an optimizing framework. Using the neoclassical
production structure, conclusions are drawn with respect to the optimal
steady state levels (per effective labor unit) of economic variables, given
the preference structure and the pollution process. To assess the etfects
of pollution and abatement on the growth rate of various variables, the
neoclassical model is not suited, because it assumes rather than explains
growth. In the steady state, growth is always at the exogenously given
natural rate and changes in preferences only affect levels.
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Recent models yield more flexible and in our opinion more satisfac-
tory explanations for growth (e.g., Romer, 1986, 1990; Lucas, 1988:
Grossman and Helpman, 1991; see Van de Klundert and Smulders.
1992, for a survey). In these “endogenous growth™ models, technical
change and accumulation of technical knowledge are the result of eco-
nomic decisions regarding investment in physical or human capital and
R&D activities. The production structure is therefore different from
the production structure in the neoclassical growth model, where only
physical capital can be accumulated subject to diminishing returns. In
endogenous growth models each kind of capital can be accumulated.
This gives rise to constant returns to a broad concept of capital includ-
ing all reproducible factors of production. A faster rate of accumulation.
due to for example a lower time preference, therefore does not imply
falling marginal returns. This implies that a permanently higher rate of
growth can be maintained at a higher but constant savings rate.

Within the “class” of endogenous growth models the distinction
can be made between intentional and unintentional growth models.
In the latter, the accumulation of growth-generating knowledge is an
externality for economic agents. It arises rather mechanically as a side-
product of investment (e.g., Romer, 1986). In the former, special efforts,
resources, and activities have to be devoted to generate the knowledge
needed for technical change and growth (e.g., Lucas, 1988; Grossman
and Helpman, 1991). From both categories of models we will take
one representative example and extend it to study some aspects of the
relation between pollution and growth.

3.1 Rebelo Model

T'he simplest model to illustrate endogenous growth is Rebelo’s (1991)
model where production takes place with capital K only according to:

Y-=iak . (3:19)

Here « 1s the marginal return to the stock of capital (K) defined in a
broad sense. This return « is constant due to the fact that for example
technical knowledge arises from investment and learning by doing, off-
setting diminishing returns to capital in a narrow sense. The parameter
o can be dependent on the size of the economy measured by the work-
ing force L as is assumed in Romer (1986). In that specification L has
to be constant to guarantee balanced growth, which we will assume
in this section. The TECHnology line is no longer a flat line as in the
previous section, but a vertical line at @. The equilibrium rate of growth
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' 1s found at the intersection of the technology line and the PREFerences
line which is again the Ramsey formula. A decline in time preference
shifts the preference line to the left and the growth rate 1s permanently
higher.

Environmental issues can be incorporated in the same way as 1n
the preceding section by assuming a disutility of pollution which i1s
a by-product of the use of capital in production. The social optimum
is found by maximizing social welfare function (2.1) subject to pollu-
tion function (2.2) and goods market equilibrium (2.3) with Y (K, hL)
replaced by ¥ = o« K as in (3.1). This yields

i(: 1) ={a- ¢¥~(ﬁ+x)] (3.2)

C

Comparing this result with the neoclassical case, the endogenous mar-
ginal product of capital Y is replaced by the exogenous «, and the
growth rate is endogenous. Hence the wedge (Px/Pa—¢ P/P) and the
egrowth rate g adjust to shifts in parameters. A rise in the preference
for a clean environment will widen the wedge between the marginal

product of capital and the social value of capital |Px/Pa|+& P /P, and
growth will be lower.

To set up an illustrative figure like in the previous section we choose
again specifications (2.8) and (2.9) for utility and for pollution. In the
appendix we show that then the social optimum is characterized by the
following relations:

1

it (@ =r)*, TECH-line, (3.3)
) 4
g=r—7uv, PREF-line, (3.4)
) 4
=ity CAP-line, (315)
K

where r 1s, as before, the marginal social value of capital. Relation (3.4)
is again the Ramsey formula or PREF-line. Relation (3.3) defines the
TECH-line which gives the growth rate that is sustainable for any r 1n
the long run and consistent with optimal static allocation (of produc-
tion over consumption, abatement, and investment). To understand why
this line is upward sloping, notice that a higher rate of investment (g)
crowds out consumption and abatement activities (per unit of capital).
When as a consequence a smaller part of the physical returns to capital
has to be spent on abatement, the return to capital r is larger.? Figure 2
depicts the three relations.
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Fig. 2: “Rebelo case”

Point M corresponds to the case in which pollution effects are not
internalized (or ¢ = 0), point S; (S;) to the optimum for ¢ = ¢,
(¢ = ¢2). The solution for ¢ = 0 can be interpreted as a market solution
where no pollution effects are internalized. The more pollution effects

> From goods market equilibrium (2.3) follows: (C+A)/K = (Y — K) /K
= o — g: increased investment crowds out (C + A)/K and it is optimal to
spread this burden by reducing both C/K and A/K. Since the return to capital
1ISr =Yg+ Px/Py =a— A/K [cf. (2.7) and (2.9)] reducing A/K means
Increasing r.
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\ : : :
are internalized, the lower the value of capital and the growth rate.

The reason is that abatement activities are carried out which crowd out
consumption and investment. A rise in pollution disutility ¢ means that
a higher priority 1s given to less pollution and cleaning activities are
intensified at the expense of current and future consumption.? Thus, in
the market economy there 1s too few abatement and too high a pollution
level and growth rate. The capital-output ratio 1s not affected because
the production function does not allow for factor substitution.

In the Rebelo model, crowding out of investment is responsible
for the negative relationship between growth and environmental care.
However, crowding out effects may be compensated by other effects as
soon as possibilities for substitution and variable capital productivity
are taken into account. A key assumption in the Rebelo model 1s the
absence of factor substitution. Although we interpreted K as a broad
concept of capital, including various kinds of capital, all kinds are
treated symmetrically in the sense that each unit of capital contributes
to the same extent to pollution. In the remainder of this section we will
consider the endogenous growth model of Lucas (1988), where a neo-
classical production function with labor and capital 1s used. That case
1S more comparable with the analysis of Sect. 2: substitution between
capital, which causes pollution, and labor then affects the results. An-
other key assumption of the Rebelo model is that factor productivity 1s
not affected by the environment. If there 1s a positive relation between
productivity and a clean environment (i.e., negative relation between «
and P), the decline in the growth rate as a result of a rise in ¢ is smaller
or even prevented since this adds a counteracting force that shifts the
technology line in Fig. 2 to the right. These kinds of productivity ef-
fects are more likely to apply to labor than to capital and we postpone
a discussion to Sect. 4 where we will extend the Lucas model.

3.2 Lucas Model

In Lucas (1988), production takes place according to a neoclassical
production function (which allows us to reintroduce population growth):
However, not only physical capital can be accumulated but also the
skills of labor or human capital. In the economy as a whole there
are constant returns with respect to all factors (physical and human
capital) taken together (1.e., with respect to the broad concept of capital),

3 The new equilibrium is reached without transitional dynamics since there
1s only one predetermined state variable (K).
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because of the constant return to scale production function. A faster rate
of physical capital accumulation need not imply falling marginal returns
as long as the rate of accumulation of human capital 1s accelerated 1n
the same time.

Lucas uses a two sector structure. The first sector i1s the produc-
tion sector producing consumption and investment goods. The second
sector 1s the research and education sector where skills, knowledge,
or human capital 1s generated. Economic agents have to divide their
time between production activity and education. More education today
lowers production today, but increases production tomorrow, because
it raises the productivity of labor and capital. There 1s therefore an
incentive to pursue in learning activities and the incentive i1s clearly
dependent on intertemporal preferences.

The production structure within the Lucas model 1s given by:

Y = KP(uhL)' 7P , (3.6)
h=¢e(l —uh. (3.7)

Equation (3.6) is the production function of the production sector with u
the fraction of time devoted to production. Equation (3.7) 1s the “Engine
of Growth” indicating that 1t 1s possible to attain a constant growth rate
of human capital (k) by devoting a constant fraction of time (1 —u) to
education. Parameter € denotes the productivity of education activities.
Combining these relations with utility function (2.1), (2.8), pollution
function (2.9), and goods market equilibrium (2.3), the balanced growth
social optimum can be derived as

o= F'— PREF-line, (3.8)

Fioe AP TECH-line, (3.9)
Y Y 711/

r =B - (q!)y)”“[ﬁ TG ﬁ)-—E] ' CAP-line, (3.10)

where r 1s again the marginal value of capital. The intertemporal pret-
erence relation between r and g (3.8) and the relation between the
desired capital intensity and » (3.10) are the same as in the neoclas-
sical case because they are derived independently of the assumptions
regarding the growth of human capital. Equation (3.9) 1s the technology
line which is a vertical line. It can be interpreted as an arbitrage condi-
tion stating that the marginal returns to investment in physical capital
r equal the marginal returns to investment in human capital. The latter
are the sum of the exogenous marginal productivity in the engine of
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‘arowth sector (€) and the growth rate of the labor force which benefits
from the knowledge generated in the education sector (A).

The three lines are depicted in Fig. 3. The upper part of the figure
is exactly the same as in Lucas’ original formulation without pollution.
Per capita growth is stimulated by a decline in time preference (pref-
erence line shifts to the left) and by a rise in the productivity in the
education sector (it becomes attractive to spend more time on educa-
tion, human capital grows faster raising the marginal productivity of
physical capital and invoking a higher rate of accumulation of physical
capital, too). Environmental preferences do not matter for the growth
rate or “interest rate,” but only affect the capital intensity. The rea-
son 1s that internalizing pollution influences only the marginal value of
physical capital and not of human capital. Arbitrage between human
capital accumulation and physical capital accumulation ensures that the
rate of return to physical capital equals the exogenous rate of return to
human capital. A rise in ¢ lowers 1nitially the social value of physical
capital, physical investment is slowed down and the capital intensity in
the production sector declines in such a way that the increased marginal
product of physical capital offsets the increased disutility of pollution
through capital. In the lower part of Fig. 3 this 1s 1llustrated by drawing
Eqg. (3.10).

The market solution can be mimicked by setting ¢ = 0. Growth
will be at the same rate as 1n the social optimum but the capital intensity
will be too high. The reason is of course that the pollution effect of

capital accumulation 1s not internalized.

4. Health, Pollution, and Growth

So far, we have studied only the implications of internalizing the direct
negative aspects of pollution on social welfare. In fact, pollution can
also change production opportunities, e.g., by reducing the quality of
natural inputs or by increasing the deterioration of physical equipment.
In this section we extend the Lucas (1988) model in the sense that
we allow for effects of pollution on the marginal returns to education.
The 1dea 1s that pollution affects health of workers, which lowers their
ability to learn. Empirical support for an example of such a relation
between pollution and human capital formation is found in Margulis
(1991). He first reports the empirically significant correlation between
lead 1n air and blood lead levels. Next, he shows that children with
higher blood lead levels have a lower cognitive development and re-
quire supplemental education.

We assume that more pollution, e.g., in the form of smog, air pol-
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Fig. 3: “Lucas case”

lution, ground pollution, and nuclear pollution, causes human capital to
depreciate at a faster rate such that we can replace (3.7) in the extended
Lucas model of the previous section by

h={e(l —u)—EP)h, E(P)>0, (4.1)

where &(P) represents the influence of pollution on the learning pro-
cess. The Keynes—Ramsey rule in the situation of balanced growth now
reads

g—A={(e+A2—EPY))—- @ +1}, (4.2)

where P* is the steady state level of pollution. Compared with the
previous case, the social marginal value of capital is reduced by £(P7¥).
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A higher level of pollution diminishes the returns to education, reduces
" the profitability to invest in human capital, and growth falls. This effect
is equivalent to a decline in € by £(P*) in Fig. 3 which shifts the TECH-
line to the left. However, the level of pollution P* is endogenous. To
find the equilibrium growth rate, we have to replace the TECH-line
of Fig. 3 [Eq. (3.9)] by the TECH-relation that incorporates the effects
of the optimally chosen level of pollution on the sustainable growth
rate. This relation is derived in the appendix [Eq. (A.17)] under the
assumption that the influence of pollution on human capital formation
is linear [i.e., £(P) = & P]. For a wide range of reasonable parameters,
this relation is shaped as in Fig.4. The TECH-line 1s in the present
case hump-shaped rather than vertical or monotonically upward sloping.
A lower level of pollution as a result of increased abatement leads
to higher returns to learning activities. Arbitrage between human and
physical capital requires that the returns to capital (r) are higher, too.
This is accomplished by a rise in the steady-state output to capital
ratio (a rise in Yk ). Hence, there are two counteracting forces on the
growth rate. Increased abatement activities per unit of capital crowd
out investment and lower the growth rate, but the rise in output per
unit of capital permits the growth rate to increase.* The former effect
dominates at the downward sloping part of the TECH-curve, the latter
at the upward sloping part.

Also the CAP-line is different from the CAP-line in Fig. 3. The
pollution effect on human capital formation adds to the negative effects
of an additional unit of capital. Therefore, to attain the same interest
rate r, a higher marginal product of capital (a higher Y /K ratio) 1s
desired to offset the stronger negative effects and the CAP-line shifts
down compared with the situation in Fig. 3.

Compared with the “Rebelo case,” the effect of a change in envi-
ronmental preferences on the growth rate is reversed. A rise in ¢ shifts
the TECH-line upward and the CAP-line downward. The equilibrium
growth rate is higher: more cleaning activities are preferred and invest-
ment becomes more attractive. Investment can be higher because a rise
in the output to capital ratio prevents crowding-out effects. In a market
economy (with a solution mimicked by a very low value of ¢°) the low

4 Cf. footnote 2. Here, however, Yk is given by BY /K instead of «.

° In contrast with the previous sections, the choice of the pollution function
does not allow to interpret the case where ¢ = 0 as the market solution because
this would imply an infinite level of pollution and negative growth. Of course,
this is not a realistic case. Especially when the level of pollution 1s very
high, firms will internalize some of the pollution effects. The outcome will be
equivalent to the model solution for a small value of ¢.
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Fig. 4: Lucas case with health/education effects

private incentives to relieve the society’s pollution problem result in a
growth rate that is less than optimal.

The nature of the solution examined may be further clarified by a
numerical example. In the first column of table 1 the social optimum
for reasonable benchmark parameter values i1s given. If we compare
these results with the model of Sect. 3 where human capital formation
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«1s not influenced by the environment, the growth rate 1s lower and the
“Interest rate” is higher (see the last column of table 1, which in fact
gives a numerical example corresponding to Fig. 3). The second column
can be interpreted as the market solution for the economy represented
in column 1 where not all pollution effects are internalized. Pollution
1s higher and growth 1s lower. The third column corresponds to the
shift from S; to S; in Fig. 4: the society becomes more interested in
cleaning pollution. The optimal growth rate rises and pollution falls.
To realize this change, pollution has to be reduced by a decline 1n the
capital intensity of the economy’s production process (¥ /K rises) and
a rise in the abatement ratio. The fall in the consumption rate refiects
the willingness to exchange current consumption for less pollution and

more future consumption.

Table 1: The balanced growth solution for the “Lucas model” of Sect. 4

Bench- 3

mark?® =000 =003 pL=045 =006 §&=0
g 1.84% 1.78 % 1.92 % 1.80 % 2.85 % 2.00 %
r 4.84% 4.78 % 4.92 % 4.80 % 5.85 % 5.00 %
P 15.60 21.80 8.18 20.40 14.86 17.54
Y /K 00.388 0.28] 0.514 0.216 0.377 0.321]
C /5 ==059) 0.773 0.725 0.689 0.746 0.760
Ayor 090 0.163 0.238 0.228 0.178 0.178
K/Y 0055 0.063 0.037 0.083 0.076 0.062

2 $=001,8=1/3,A=0,e =0.05, y =1, £ =0.0001, ¥ = 0.03,
W = 0.1

Another interesting example 1s what happens if B, the production
elasticity of physical capital, increases (column 4). As the productivity
of capital rises relative to the productivity of labor input, it 1s optimal to
shift to a more capital intensive production process. This requires larger
spending on abatement to mitigate the pollution effects (A/Y rises).
This, however, does not fully prevent pollution to rise and growth to
slow down. Within this setting, an economy that is heavily dependent
on relatively capital intensive sectors of industry has to finance large
cleaning activities and to accept a lower growth rate.

If € increases we have the reverse: the economy described in col-
umn 5 has a comparative advantage in activities with high learning
potential relative to the economies described in the preceding columns.
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Human capital accumulation becomes more desirable, the economy

shifts to a less capital intensive and less polluting production tech-
nology and the optimal growth rate rises.

5. Investment in Pollution Saving Technology®

[t 1s useful to distinguish between activities that aim at cleaning up
existing pollution (e.g., “end-of-pipe measures”) and activities that pre-
vent pollution (e.g., the use of cleaner fuels) (cf. Van der Ploeg and
Withagen, 1991). The latter can be called investment activities (denoted
by A1), which allow for a reduction in the amount of pollution per unit
of capital in the production process. The former are labeled abatement
activities (denoted by A,), which comprise measures to neutralize pol-

lution that already reached the environment. The following equations
capture this distinction’:

L=l CIC A Z =301 Z =<0 (5.1)
Z:"t]f‘l[ }01 ZKK 201

= P(Z, Ag), Pz > 0, PAE < 0, (52)
P;‘\EAE = O: PZZ 2 0 ’

The variable Z represents “gross” pollution as a by-product of the pro-
duction process, or the level of emissions before abatement. As before,
P represents the level of “net” pollution (after abatement). It is a mea-
sure of environmental quality which enters utility and affects learning
opportunities. The symbol A denotes total environmental care as in
the previous sections. Equations (5.1)—(5.3) replace pollution function
(2.2). Environmental care is not costless. Scarce resources have to be
allocated to abatement and investment activities. Again we assume that
the resources needed for environmental care (A) can be produced in the

® Our discussion of pollution-saving investment is motivated by the sug-
gestion of one of the referees.

7 Alternatively, emissions (Z) may depend on accumulated knowledge
about cleaner technology rather than on current investment spending (cf. Van
der Ploeg and Withagen, 1991, p. 230). If knowledge is produced in the Y-
sector, this complicates the model without affecting the basic conclusions for
the steady state. A growing economy requires a growing stock of pollution-

saving knowledge to keep pollution constant and this asks for investment
spending each moment in time.
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. goods sector of the economy [see goods market equilibrium, Eq. (2.3)].
The optimal allocation of scarce resources over abatement and invest-
ment requires that the marginal revenues of both activities are equal:

B7Z Avi—VsA s (5.4)

Since investment and abatement goods are produced with the same
technology and since both affect the economy through net pollution,
the optimal abatement—investment ratio depends only on characteristics
of the pollution functions (5.1) and (5.2). The decision with regard
to total spending on environmental care depends on preferences for
environmental quality and on the impact of environmental quality on
production and learning opportunities as in the model variants above.

This decision can be analyzed separately from the decision regarding
the abatement investment ratio, which is in fact already done in the

previous part of this paper. According to (5.4), investment will be
large, relative to abatement, if the pollution intensity of the production
process can be easily reduced by investment (|Z 4, | large for small A)),
if the impact of pollution emissions on environmental quality 1s large
(P7 large for large Z) and if abatement is difficult (| P4,| small for
large A»>).

As a simple illustration, the pollution functions are specified as:

Zi=n KA T (5.5)
Pi=t7A %" (5.6)

To focus on a steady state where growth is balanced and sustain-
able (i.e., pollution is constant in the steady state), it 1s assumed that
v1 + 2 = y. In a situation where polluting capital (K) and abatement
(A,) grow at rate g, pollution increases at rate (y — y»)g. Emission
reducing investment activities, that grow also at rate g, are needed to
keep pollution constant. With the constant elasticity specifications (5.5)
and (5.6), the optimal investment—abatement ratio reads:

A]_ﬁ

el Rl (5.7)
Aniirys

Substituting (5.3) and (5.5)—(5.7) yields the following semi-reduced
form for net pollution:

P = [Vy Vl_yl Vz_h](g)y - (5.8)
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Note that (5.8) 1s equal to the specification of the pollution function
In the previous sections, apart from the constants in square brackets.
Hence, all conclusions with respect to the relationship between environ-
mental care and growth derived before carry over to the model where
environmental care takes the form of both abatement and investment.

6. Conclusions

In this paper we investigate whether the optimal long-run rate of growth
1s affected if society’s preferences shift towards a larger concern for
a clean environment. The answer to this question depends critically
on the assumptions regarding production technology and the relation
between pollution, production, and abatement. We focus on different
assumptions concerning production technology, while we assume that
preferences and technology are such that sustainable development with
positive growth 1s possible.

One case we study is that of a standard neoclassical production
function with substitution possibilities between the factors of produc-
tion that cause pollution (capital) and the factors that cause no pollution
(skilled labor). Then, the preference shift results in a production pro-
cess that uses less intensively the polluting factor. We show that the
economy can sustain the pre-shift growth rate because of (at least) two
reasons. First, in the exogenous growth model, one factor of production
(skilled labor) grows at an exogenous rate and only this rate determines
the natural growth rate of the economy. Second, and more interestingly,
in an endogenous growth model, each factor of production can be ac-
cumulated and long-run growth remains unchanged if the productivity
of the growth generating activity is not affected by any change in pol-
lution. We showed this in Sect. 3 for the “Lucas case” where human
capital accumulation is the “engine of growth.”

Other assumptions on production structure can give rise to a relation
between optimal growth and environmental care. In Sect. 3, we con-
sidered an endogenous growth model along the lines of Romer (1986)
and Rebelo (1991). No transformation to a less polluting production
process 1s possible and all factors of production contribute equally to
pollution. The optimal rate of growth will be lower if pollution is more
disliked because increased abatement activities crowd out investment.
This supports the rather pessimistic view that there may be a negative
relation between growth and environmental care. However, as soon as
there are possibilities of substitution towards less polluting production

processes, the crowding out effect may be dominated by substitution
etfects.
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In the different and perhaps more realistic endogenous growth model
presented in Sect. 4, the productivity of the engine of growth is stim-
ulated by a cleaner environment. In this case, the optimal long-run
growth rate is higher the more society 1s ready to devote resources to
clean up pollution. Less resources are available for capital accumulation
(crowding out effect) but this is offset by the fact that both physical and
human capital formation are more productive. Increased environmental
care reduces pollution which is an argument in the “engine of growth”
function and hence growth is affected. This result is similar to Rebelo
(1991) where it is shown that taxes affect growth when they fall on the
sectors of the economy that act as the engine of growth.

The assumptions on the pollution process are important for reach-
ing these conclusions. In Sect. 2, we discussed necessary conditions
for long-term growth with pollution. Of course, a lot of other speci-
fications of production structure and pollution processes, which may
depart more heavily from standard growth models than the specifica-
tion put foreward here, can be elaborated. Taking production, rather
than physical capital, as the source of pollution does not change the
main conclusions. For the Rebelo model this is trivial, since production
depends only on physical capital. For the neoclassical and Lucas vari-
ants, the intuition is that the basic mechanisms, viz., crowding out of
investment, productivity gains from a cleaner environment, and factor
substitution, all remain present. Also taking pollution as a stock, rather
than a flow, will not change the model dramatically. In a steady state
with a constant stock of pollution, the flow of pollution will equal the
absorption capacity of the environment which is (negatively) dependent
on the existing stock of pollution. Hence, the flow of pollution and the
stock of pollution are directly related.

Other relations between growth and environmental issues are still
to be worked out. The most obvious from the point of view of the en-
dogenous growth literature is to extend the Romer (1990) or Grossman
and Helpman (1991) model. They argue that it 1s necessary to devote
activities and resources to a research sector to generate the knowledge
that is necessary for growth. The model resembles very much the Lu-
cas (1988) model (which is the reason why we did not explore 1t here),
but now research and development is the engine of growth rather than
human capital formation. Analogous to this model one could argue that
there is a need for special R&D activities aimed at the development
of cleaner production methods, dissolvable plastics, efficient abatement
technology, etc. A shift in preferences for the environment will cause
a reallocation between the production sector and the R&D sectors. Our
guess 1s that if the increase in the size of the environmental R&D sector
crowds out other R&D activities, growth can be hurt.
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Growth issues are interesting in the two other directions within
the current environmental economics literature mentioned in the in-
troduction. This regards first the choice of instruments to attain opti-
mum growth in a decentralized economy, which is especially interest-
ing in case pollution itself cannot be measured or taxed. Secondly, it

1s worthwhile to consider international interdependence, environmental
spillovers, and growth.

Appendix

The symbols are defined as in the text, unless otherwise indicated. To
derive the TECH, PREF, and CAP relations, social welfare [Eq. (2.1)]
1s maximized with respect to C, A, and u, subject to (2.3) (goods market
equilibrium), (2.8) (instantaneous utility), (2.9) (pollution function), and

Y aK‘B(uhL)'"ﬁ : production function, (A.1)

o i

h = /—? = €(l —u) —&§P +v, engine of growth, (A.2)
1

i<aie<<"ll' time constraint. (A.3)

The essential parametrical restrictions for the neoclassical model are
0 < B <1,e =0, 8§ =0, for 'the “Rebelo model” 8 = 1, and for
the “Lucas model” 0 < B8 < 1. For convenience we normalize ¢ = 1
In the neoclassical and Lucas model and we set v = 0 in the “Lucas
model.” Moreover, with € = 0, u will be chosen at its maximum value
so that u can be treated as a parameter in the neoclassical case with
u = 1. For the “Lucas case” we restrict the analysis to combinations of
parameter values for which the restrictions in (A.3) are never binding.
To abbreviate notation we define © = 1 + y + yy and write X for

the growth rate (x/x) of any variable x (so A = L). The present value
Hamiltonian 1s

AN\ —y(1+¢)
H = ¢V lrlS i (-—) } +
L 1l + ¢y \K

e @;(aKﬁ(uhL)'_ﬁ — C — A) L

" @2(6(1 Ay g(i)_y s u)h] .
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The optimum conditions read (after some slight rewriting to facilitate
" later substitutions):

OH . 1

st —0 . A4
= N ®) (A.4)
dH AN/ . A\VY—H = s
— = (¢;z(7<-) + (ogmyg(k—) ) K—'—©, =0, (AS)
' Y/K
§.£=(1—ﬁ)(®lf<) / — €(®2h) =0, (A.6)
ou u
dH Y A\ —H A\Vr—un\ A/K

= 00 — O , (A.7)
JdH Y/ K A .
= U= B K — + O2h =90, — O, (A.8)

1

where ®; and ®, are the shadow prices associated to physical and
human capital, respectively. Variable r is defined as the marginal social
value of capital in terms of utility:

| 0H
= :
® K

Using (A.7), (A.5), and (A.4) this can be written as
B L 3 (=0 —0;, =09 +C) (A.9)
r=pf—— — (=10 — = \ .
KK !

The conditions for balanced growth, i.e., constant growth rates and
constant allocation, are

Y =C=A=K =g, allocation in goods market, (A.10)
h+L=K, Y /K constant, (A.11)
_®, =K, -©,=h, ©,K, ®h constant. (A.12)

Condition (A.10) follows from (A.9), then (A.11) follows from (A.1l)
and (A.12) follows from (A.5), (A.8), and (A.10). To eliminate (®;h)
use (A.8) and (A.12) to get® ®h = (1 — B)(©K)(Y/K) /¥, which
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yields, together with (A.5) and (A.4),

vy
®11K T ¢>ly ((%)ﬁ o0 "5%(%)(%) ) ='1C? D)

Now use (2.3), (A.13), and (A.10) to derive (A.14); and use (A.7),
(A.5), and (A.12) to derive (A.15):

2= 5 (B 223 DE )+ 5 45, an

r:ﬁ.}.g : (A.]S)

Equation (A.15) i1s the PREF-relation. Equations (A.9), (A.14), and
(A.15) can be reduced to a relation between the variables r and Y /K
which 1s the CAP-relation. Note that if & = 0 this yields (2.12) and if
& > 0 and yy > O this relation cannot be solved analytically.

To derive the TECH-relation (2.8) for the neoclassical case, use
(A.11), (A.2), and the appropriate parametrical restrictions. For the
“Rebelo case,” the TECH-relation (3.3) is derived by setting 8 = 1
and substituting (A.9) and (A.1) (i.e., Y/K = «) into (A.14). To derive
the TECH-relation for the “Lucas case,” differentiate (A.6) which yields

O + = ®; — h = 0 and substitute into this expression Egs. (A.9),
(A. 12) (A.8), (A 6), (A.2), and (A 10) which yields (% —r) + g —

[15‘—!1-—(6—/1 — EP)] —(g—L)—O This implies

e Z—g(%)_yi (A.16)

With £ = 0, (A.16) yields relation (3.9). With &€ > 0, (A.16) can be
used to eliminate A/K and (A.9) to eliminate Y /K which yields after
substitution 1n (A.14)

g=; | 1;,59 ¢y|a“—g(1—ﬁ)g(’;a)aw], (A.17)
where a = (6 + E —r)]/y (= —2—) . (A.18)

8 Formally the equality sign does not apply in the neoclassical case since
u = 1 will be binding. However, (A.13) is still valid because & = 0 in the
neoclassical case.
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. Equation (A.17) represents the TECH-relation between r and g as it
is drawn in Fig. 4. Since only points at which C/K > 0 and A/K
> () are meaningful, » has to be restricted to r~— < r < r* where

s =Ne < L [from (A.18)] and r~ solves C/K = {a"* — &(1 — B) -
: (y/z?)[(r—l—a)/ﬁ]a"’”’]/qby = 0 [from (A.13)]. From (A.17) it 1s clear
that two TECH-lines drawn in a (r, g) plane for different values of ¢
intersect at »~ and that the one with the higher value of ¢ 1s above the
one with the lower as long as the term between accolades in (A.17) 1s
positive, i.e., as long as C/K > 0.
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