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1. INTRODUCTION

Can economic growth go on without deteriorating the quality of the environment? Is
economic growth still desirable if we take its adverse consequences for the environment into
account? What are the effects of environmental policy on economic growth?

These questions are typically asked when thinking about the interaction between
economic growth and environmental quality. On the one hand, the (in itself desirable) huge
improvements in the standard of living during the past decades have not been without a dark
side. Air pollution (smoke and noise), municipal waste problems, loss of wilderness areas,
habitat destruction, threats to biodiversity, resource depletion, and the global greenhouse
problem seem to be linked to economic growth. Growing awareness of these problems raises
questions as to whether economic growth is still desirable. Doomsday scenarios become
imaginable in which the success of growth leads to its own demise and to the collapse of the
world economy because of environmental problems. On the other hand, economic growth has
created richer and more productive economies which have access to more advanced levels of
technological knowledge. Productivity per unit of natural resource use has increased which
allows, in principle, larger volumes of production at lower rates of environmental
degradation. Technological progress and economic growth have created the opportunities and
resources to finance investments in new environmentally friendly technologies, to solve waste
problems and to reduce material and resource use.

This chapter uses analytical tools from environmental economics and the theory of
economic growth to shed some light on how to assess these two opposing views. It provides a
theoretical perspective on the above questions. In particular, we extend the modern theory of
economic growth to incorporate economy-environment interactions. We concentrate on the
link between economic and environmental dynamics at a high level of aggregation by
considering growth in GDP and changes in an aggregate index of environmental quality. We
formulate a unifying framework that is general and flexible enough to study the common
elements and main mechanisms that are present in more specific situations where economic
growth and environmental change interact.

First, in Part I of this chapter, the basic framework is outlined. A core model of five
equations suffices for our purposes. It is examined how "first principles" from production and
utility theory, as well as from physics and biology restrict the specifications of these
equations. Part II of this chapter confronts the optimistic and pessimistic views of economic
growth and the environment. Within the framework of the first part we examine some
conditions under which sustainable growth becomes infeasible, and some necessary
conditions for the more optimistic scenario of feasible unlimited sustainable growth. It is also
examined when growth may become undesirable even when sustainable growth is feasible.
Part III is entirely devoted to the impact of environmental policy on standards of living and
economic growth. In this part we assume that unbounded growth without hurting the
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environment is feasible, but not necessarily desirable. A distinction is made between the
positive and normative analysis of environmental policy. The former deals with the effects of
a more or less arbitrarily chosen change in the level of pollution in the economy, while the
latter deals with the optimal reduction of pollution, given preferences and the structure of the
economy. Furthermore, we explore the role of technological change in more detail by
distinguishing between exogenous and investment-driven endogenous technological change.



     1 We ignore the role of non-renewable resources. Doing so implies that we focus on pollution problems
and other environmental issues, rather than issues of material and energy scarcity. For the latter issues, see the
older literature in the tradition of Dasgupta and Heal (1978) or more recent literature, for example Scholz and
Ziemes (1999) and Schou (1999).
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PART I: BASIC FRAMEWORK

2. GROWTH-ENVIRONMENT INTERACTIONS 

Economic growth and physical conditions of the environment interact. Economic activity may
be the cause of environmental problems, but so also might a deterioration in physical
conditions hamper economic processes. Environmental change and economic growth interact
because of many environment-economy links and feedbacks. First, the environment is a sink
for wastes and, second, a source of resources for the economy. Third, society may have a
preference for a clean environment, because environmental quality has an amenity value or an
existence value (see chapter 2 for a detailed discussion). Fourth, a clean environment boosts
productivity of production factors so that it has a productive value. Finally, part of economic
activity may be directly devoted to cleaning up spoilt parts of the environment, that is,
abatement and recycling may take place. 

In order to analyse these interactions, it is useful to focus on the essential
distinguishing features of ecological and economic processes and their links. In the tradition
of economic growth models, we take an aggregate view, that is, we consider national
production (GDP) without distinguishing between the ouputs generated in different sectors of
the economy, and we consider a single index for environmental quality rather than
distinguishing between different natural resources and indicators of the state of the
environment.

The interplay of supply (production technology), demand (preferences), and market
institutions (regulation and intervention) forms the economic sphere in which production and
allocation are determined. In particular, it determines at what rate natural resources are used
for production, how much pollution is generated in the economy, and how much of total
output in the economy is used for investment. Natural resource use and pollution affect the
environment, investment creates new capital inputs for future use and thus creates
opportunities for economic growth. 

How exactly resource use and pollution affect the environment depends on ecological
considerations. Changes in environmental quality are subject to complex processes that in
general take place gradually over time. Hence, it is useful to see the environment as a
renewable natural resource stock that may grow or decline over time, depending on whether
resource use falls short or exceeds the natural growth of the resource.1 

Economic growth and environmental quality improvements over time thus depend on
two types of investments. First, investment in physical capital and other man-made
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production assets expands the available endowments of factors of production (provided that
investment exceeds depreciation), allowing for growth in output. Second, by limiting
pollution and natural resource use, the environment improves. It is these two types of
investments, investments in man-made assets and in natural assets, that determine the
interaction between economic growth and the environment.

The fundamentals of growth-environment interactions can be studied by linking in a
dynamic model a macroeconomic production function, a utility function, a natural resource
growth function, and assumptions about government regulation and institutions. The simplest
model one could think of consists of the following set of equations:

(2.1) Y = C + I market equilibrium
(2.2) Y = F(N, P, K, T) technology
(2.3) accumulation

(2.4)  natural resource growth
(2.5) W = 0I4 U(C, N) exp(!ht) dt (intertemporal) utility

where N is an indicator of environmental quality, P is the use of services from the
environment in production, E(A) is the capacity of the environment to absorb pollution, Y is
aggregate economic activity (production), K is the stock of man-made capital, T is the state of
technology, C is consumption of man-made goods, U(@) is instantaneous utility, and h is
utility discount rate; all variables depend on the time index t. The following natural
assumption are made (where notation is abreviated by the use of subscripts attached to
function symbols to denote partial derivatives): 

   * FN $ 0, FP > 0, FK > 0, FT > 0 inputs contribute non-negatively to production;
   * UC > 0, UN $ 0 consumption and amenities are not disliked;
   * N $ 0, P $ 0, C $ 0, K $ 0, Y $ 0 non-negativity constraints; 
   * Initial values N(0) and K(0) are given, as well as T(t).

Equations (2.1)-(2.3) represent the production block of the model, equation (2.4)
models ecological processes as growth and depletion of a renewable resource, and equation
(2.5) specifies preferences. 

The goods market equilibrium condition (2.1) states that supply of goods (Y) is
equated to demand for goods, which consists of demand for produced consumption goods (C)
and demand for investment goods (I). Supply is determined by the production function F(A).
There are two types of inputs, produced capital inputs K and natural inputs P and N. Produced
capital goods comprise all kinds of reproducible productive assets like physical capital,
knowledge (or human) capital, and infrastructure. Equation (2.3) captures the fact that this
stock of man-made capital results from cumulated investment. Environmental quality N



     2 Pollution acts as an input in production since the more a firm is allowed to pollute, the higher its output
can be. Reducing pollution at given levels of other inputs requires abatement measures (changes in the
production process) which are generally costly and which reduce output. Hence, modeling pollution as an input
implicitly models abatement activities. For an explicit modeling of abatement in growth models, see e.g. Gradus
and Smulders (1993), Huang and Cai (1994), Den Butter and Hofkes (1995).
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affects productivity, so that environmental quality acts as an input in production. This might
happen because the health of workers is improved which boosts labour productivity, or
because wear and tear of buildings diminishes with improved air quality. Note that with
respect to these services the environment acts like a public good. All workers and firms
benefit from the same environmental quality and its services are therefore non-rival in nature.
Natural inputs P are inputs like mineral and energy use. They are extractive (or rival) in
nature as can be seen from equation (2.4) that models the change in environmental quality (or
the stock of environmental resources) N. Each unit of resource use P correspondingly reduces
the available stock of natural resources N. Also pollution can be interpreted as extractive use
of the environment: each unit of pollution generated by production reduces environmental
quality. Hence, by P we capture not only extractive resource use but also pollution and
accordingly we will interchangably use the terms `resource use', `pollution' and `polluting
inputs' for it.2 Similarly, the variable N stands for both the stock of environmental resources
and the quality of the environment. After all, environmental quality (like clean air or water) is
a valuable resource that can be depleted. The environment provides services to production,
both in the form of directly productive inputs and in the form of media (soil, water, air) in
which to dump pollution.

According to equation (2.4), pollution and extraction of resources P can be
counteracted by ecological processes captured by the term E(N). The latter represents nature's
capacity to renew itself and to assimilate pollution. As long as the economy uses less
environmental services than are provided by ecological processes, i.e. P<E(N), environmental
quality improves over time. Nature is able to absorb a certain amount of pollution without
deteriorating equal to E(N), so that we may call E(N) the absorption capacity of the
environment. An ecological equilibrium (defined by  = 0) can only be maintained if
pollution P is constant and does not exceed the maximum absorption capacity.

Society's preferences are modelled by the utility function in (2.5) with produced
consumption (C) and environmental amenities (measured by N) as the arguments. The latter
also allows to take into account the existence value of the environment. Note that
environmental quality contributes directly as well as indirectly to welfare in the model. It
contributes directly because of amenity and existence values. It contributes indirectly because
of its productive value (N enters the production function so that environmental quality boosts
the production of consumption goods) and also because its ecological value (N affects
nature's capability to absorb pollution so that environmental quality affects the availability of
natural inputs to produce consumption goods).
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The model presented so far only gives a rough picture of the structure of the economy.
We need to specify more exactly the properties of the production, utility and absorption
functions. Moreover, we need to specify economic behaviour that determines for example
consumption, investment and natural resource use. Obviously, both elements crucially
determine the interaction between growth and the environment. We proceed as follows. First
we study alternative specifications of the three mentioned functions. In the next section we
describe how elementary principles from physics (thermodynamics) and biology are likely to
restrict these functions. By considering the specification for the production function in section
4, we may find out whether sustained long-run growth is feasible. In particular, this allows us
to study whether it is possible to choose C and P in such a way that Y grows forever. The
specification of preferences determines whether long-run growth (if feasible) is desirable.
Second we will make assumptions about savings behavior and resource use. This allows us to
investigate which of the feasible growth paths actually occur and whether actual growth paths
are desirable. We contrast economies with different degrees of government intervention in
order to investigate whether the market grows too fast and what the effects of environmental
regulation are for economic growth. 

3. HOW THERMODYNAMICS LAWS RESTRICT FEASIBLE ECONOMIC
GROWTH

3.1 How large was the garden of Eden?
The environment can be seen as a natural resource that is valuable because it provides four
types of services to human beings in the form of amenity services, productive services and
ecological services. The total of services that the environment may provide is ultimately
limited. The reason is that the state of the environment is ultimately constrained by
biophysical principles. The environment is a highly-ordered structure that is able to use and
transform energy. In fact, all services by the environment can be reduced to (some form of)
energy. Different parts of the environment create and use different forms of energy (think of a
pool where big fishes grow by eating small fishes). Hence, ecological services are "produced"
by the environment, using its own services. However, in this proces of using services and
transforming or reusing energy, energy becomes dissipated and less and less useful. This can
be understood by the entropy law which states that the transformation and rearrangement of
material and energy inevitably implies an irreversible process from free or available energy
into bound or unavailable energy. 

If the environment had to rely on its own services only (the energy it makes available
itself), it would be doomed to decay. The environment is preserved thanks to the constant
inflow of energy from outside, viz. solar energy. This inflow offsets the entropy process and
allows for a steady "production" of ecological services. Figure 3.1 illustrates this. The
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concave curve represents the "supply" of ecological services, as the result of the
transformation of solar energy by the environment. The richer the environment (higher N), the
more services can be produced. However, diminishing marginal returns apply since the input
of solar energy is fixed. The convex curve represents the "demand" for ecological services
that is needed to maintain a given level of environmental quality. More complex ecosystems
(higher N) require more inputs to be maintained. 

Figure 3.1 How ecological processes determine absorption capacity
A richer environment (indicated by a higher N) not only produces but also uses more eco-services
for maintenance (upper panel). The difference between production and use for maintenance is the
net available amount of resources to improve environmental quality, denoted by E(N) in the
middle panel. It equals nature's absorption capacity, that is the amount of pollution that can be
assimilated without a change in environmental quality. For N>6N, the inflow of solar energy is
insufficient to maintain environmental quality, so that 6N is the maximal (virgin or garden of Eden)
level. The lower panel depicts the elasticity of the absorption capacity with respect to
environmental quality which monotonically decreases and becomes negative for N>Nmsy.



     3 Hence, E(Nmsy)=Pmsy and E(N) # Pmsy for all N. The subscript msy is used to recall the concept of
"maximum sustainable yield" from the natural resource literature, see the chapter by Tahvonen and Kuuluvainen
in this volume.
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The difference between the supply curve and the replacement demand curve is excess
supply of ecological services (energy) that can be used to grow the environment, making it
richer and more complex. Hence, this difference exactly equals E(N) that was introduced in
equation (2.4), and represents the net amount of energy available for rival use. Processes of
environmental change ( ) and pollution or extractive resource use (P) are the rival users of

this available amount of energy, i.e. E(N) =  + P. 
We may draw several conclusions. First, there is an upper bound to environmental

quality. This upper bound may be reached if all available ecological services are expoited by
nature to grow (and nothing of it is used up in the economy, P = 0), so that . Given
the limited inflow of solar energy, the environment is never able to produce eco-services to
maintain a higher level of environmental quality than N = 6N. The basic reason is that the
higher the quality of the environment, the more eco-services are needed to sustain this level,
whereas the supply of these services is ultimately limited by solar energy because of the
entropy law. The maximal level of environmental quality 6N can be called the virgin state of
the environment or the garden of Eden level of environmental quality.

Second, the absorption capacity of the environment is a hump-shaped function of
environmental quality, see middle panel of Figure 3.1. That is, when environmental quality
improves, the net supply of ecological services E first increases, but decreases if
environmental quality grows large. Intuitively, at low environmental quality, few ecological
services are provided but also few are needed because the complexity of the ecosystem is low.
When the environment improves, it not only produces more services but it also grows more
complex so that a larger and larger fraction of the services it generates are needed to at least
maintain this quality and complexity level. At N = 6N all eco-services produced are needed to
maintain environmental quality.

Third, it immediately follows that there is an upper bound to the absorption capacity
E. No pollution level can be maintained above this upper level without reducing
environmental quality to zero. Hence, a feasible growth path requires a long-run pollution
level below this. We will denote the maximal sustainable pollution level by Pmsy and the
associated level of environmental quality for which absorption capacity is at this maximal
level by Nmsy.3 

Fourth, environmental quality cannot fall below a critical level without destroying
ecosystems. For simplicity we assume that N should remain positive for ecosystems to keep
functioning. If no eco-services are provided (N = 0), regeneration of nature as well as
absorption of pollution stops. (In terms of production theory, N is a necessary input in the
production of eco-services.)



     4 Note that, by construction, absorption capacity reaches its maximum at N = Nmsy, so that ME/MN / EN =
0 and the elasticity of E with respect to N is zero in this point. Hence, the curve in the lower panel cuts the
horizontal axis at N = Nmsy. Since E(0) = 0, we apply L'Hopit$al's rule to find limN60E(N)/N = EN(0), which implies
that the elasticity equals unity for N = 0.

     5 Rachel Carson's book Silent Spring (1962) played a very influential role in pointing out the damage to
ecosystems by the use of pesticides.
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To sum up, we have found the following properties of the ecological function:

   * E(0) = 0: environmental quality is necessary for eco-services. 
   * ENN < 0: the entropy law applies. 

That is, the absorption capacity first increases in N (from 0 to Pmsy if N
increases from 0 to Nmsy), and then decreases (from Pmsy to 0, if N increases
from Nmsy to 6N).

   * N # 6N: environmental quality is bounded.
   * M(ENN/E)/MN < 0: the elasticity of nature's absorption capacity declines in

environmental quality.

Note that the last property immediately follows from the second one. We will frequently use
this property in section 6. The middle panel of Figure 3.1 depicts the shape of nature's
absorption capacity that we will use in the rest of this chapter. For later use, the lower panel
depicts the associated elasticity of the absorption capacity ENN/E.4 

Obviously, our assumptions imply a drastic, but powerful simplification. A more
complex picture (with several local maxima for instance) may be justified if we take into
account interaction between different parts of the real-world environment. For example, the
temperature of the oceans affects temperature of the different layers of the atmosphere and
hence growth of plants and forests in complex, non-linear ways (see Nordhaus 1994a for an
accessible description). Similarly, in a more general model we could assume that there is
threshold level of environmental quality below which ecosystems are irreversibly damaged, a
that is E(N)=0 for all levels of environmental quality N below some positive level Nssp<6N,
where Nssp is the "silent spring level of environmental quality".5 Notwithstanding, most results
in the rest of this chapter will go through (or can be easily modified to accommodate more
complex shapes of the absorption capacity function) provided that we maintain the key
assumption on ecological process, that is that environmental quality is bounded and that
absorption capacity is bounded.

3.2 How large is Plato's world of ideas? (Production)
No production is possible without energy and material use. We will assume that P is a
necessary input in production. This is obvious in the case of producing a well-defined object,
say the paper on which this chapter is printed. It is also true in general if we realize that all
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production for which we care (that is all output of economic activity that enters utility),
including any service, is in some sense basically "work", or something that pleases the brain,
that changes the state of our body. No physical change can occur without energy use, so there
is no consumption without energy use. Since it is the environment that makes energy
available, production necessarily uses natural inputs.

However, no valuable production is possible without knowledge as to how to produce,
no enjoyment from produced consumption goods is possible without knowledge as of how to
enjoy. This also seems trivial, but it points out two things. First, man-made inputs and natural
inputs alike are necessary. Second, consumable (or valuable) produced goods embody both
energy and knowledge. Hence, the variables K, Y, and C are not of a strictly physical
dimension. This implies that it should be possible in principle to produce more and more that
pleases the brains without necessarily increasing the input of energy, just by increasing the
knowledge content of production. This has strong implications for the amount of energy, or
more general natural inputs, that is necessary for a certain amount of production. While there
may be a minimum energy and material requirement to produce a given product using a given
process technology, there is in principle no minimum requirement of energy to reach a certain
level of (aggregate) production or utility. In other words, while at a process level energy
requirements impose strict constraints, at the more aggregate level which is more relevant
from an economic perspective, substitution between knowledge and energy makes minimum
energy requirements less important. The time dimension helps to relax energy requirement
constraints. Over time, new technologies, processes and ways to organize the economy may
become available. In short, new ideas shifts minimum energy requirements for the economy
as a whole (cf. Cleveland and Ruth, 1997).

While thermodynamics laws can be invoked to argue that environmental quality is
bounded, it is not immediately clear whether the stock of human knowledge is bounded over
time. Production of new knowledge is not subject to a law comparable to the entropy law.
That is, there is no reason to assume that using existing knowledge to create new knowledge
reduces the availability of useful knowledge. In contrast, the exploitation of knowledge is
non-rival (whereas the use of ecological services is crucially rival). A single idea can be used
over and over again by many persons without degrading. The stock of available knowledge
does not become depleted by the use of it. On the contrary, the more widespread knowledge
is, the more productive it may be (by some kind of network externality). Available knowledge
is not only used to produce goods and services, but also to produce new knowledge.
Availability, dissemination and use of knowledge may stimulate the generation of new
knowledge. It remains a philosophical question whether the total number of useful ideas that
can be generated is bounded (as in Plato's metaphor where human beings can only capture a
shadow of the ideas that exist in the ideal world of ideas) or unbounded. We cannot know
how much is unknown at present. 

In the rest of this chapter we will see that sustainable economic growth (ongoing
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increases in economic output) requires an ongoing process of creation of new knowledge. The
process of knowledge creation is usually called technological progress in growth models, but
it should be clear that this process not only encompasses the development of new
technologies but also changes in organization, management and marketing, not only in firms,
but in all value-creating entities (including schools or universities and public institutions).
What we stressed here is that we have no theory to predict whether unbounded technological
change is possible, but in any case, thermodynamic laws do not directly restrict the process of
technological change, whereas they do play a crucial role in ecological processes.

To sum up, we have found the following properties of the production and utility
function:

   * F(0,P,K,T) = F(N,0,K,T) = F(N,P,0,T) = F(N,P,K,0) = 0: all inputs are necessary in
production; 

   * for all  and : all arguments are necessary
in utility. 

which states that to produce and enjoy we need both natural and man-made inputs.



     6 See Nordhaus (1992) for a critical evaluation of the reports by the Club of Rome. I borrowed the term
"lethal conditions" from this article.

     7 Note that we can generalize the production function by replacing TK by f(K,T) without changing the
conclusions. By choosing f(K,T) to be a constant returns to scale function with T=hL, the labor force L
multiplied by labor augmenting technology h, the example boils down to a variant of the well-known Solow-
Swan model extended with pollution as a side-product.

     8 The fixed input requirement has a useful alternative interpretation. For N>N, we may write Y=KT and
P=Y, that is, pollution P is a side-product of production (pollution is modelled as an output rather than an input).
This shows that the assumption that pollution is a joint output is equivalent to the assumption that there is no
substitution between environmental and man-made inputs. 

13

PART II: LETHAL CONDITIONS VS. ROADS TO BLISS

4. DOOMSDAY MODELS

Many economists, as well as researchers from other disciplines and popular press writers,
have been sceptical about the possibility of unbounded economic growth without
environmental collapse. The best-known representation of this view is the Club of Rome's
1972 report The limits to growth (Meadows et al. 1972).6 This section investigates some cases
that support this doomsday view. To be more precise, it presents cases in which no time paths
for resource use P and investment I exist such that output Y keeps growing in the long run. It
also identifies some necessary conditions under which doomsday may be avoided. 

4.1 Doomsday I: no substitution
Suppose the economy's production possibilities can be described as follows. If environmental
quality is below a certain threshold level N (where N<6N), no production is possible. If it is
above the threshold level, production requires natural inputs P and man-made inputs in a
fixed proportion. Man-made inputs comprise reproducible capital K and exogenously
determined technology capital T. In particular, the technology level is measured in such a way
that TK measures the effective input level of man-made inputs, that is, technology T
represents the productivity of the capital stock K. Formally, the profuction function reads7:

= 0  if N<N 
(4.1) F(N,P,K,T)

= min (P,TK) otherwise.

The main feature of this production function is that there is no substitution between
environmental and man-made inputs.8 Given our assumptions in the previous sections,
unbounded long-run growth is infeasible. Growth requires increases in both P and TK.
However, if P grows unboundedly, it will exceed the upper bound that is required to maintain
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a positive level of environmental quality, which in turn is required to keep production viable.
Hence, independent of how fast capital is accumulated or technology improves, output is
bounded.

The same conclusion applies in less extreme cases in which environmental and man-
made inputs are not perfect complements but (poor) substitutes. Substitution means that we
may reduce one input and increase the other without changing output levels. Hence, we may
increase man-made inputs and reduce environmental inputs and still produce the same
amount. Or, equivalently, we may increase man-made inputs, keep environmental input the
same and produce more. The crucial issue is now how much more output results from
increasing only capital inputs. If substitution is poor, more capital yields less and less
additional output such that output never exceeds a certain upper bound, no matter how large
capital grows (for a formalization of the relation between substitution and boundness of
production see Dasgupta and Heal, 1978, ch. 7). 

Feasible long-run growth requires good substitution between man-made inputs that
can be reproduced and environmental inputs that ultimately are constant. With good
substitutability, output per unit of the input that is kept constant may grow without bound by
letting the other input grow without bound. 

Technological change does not prevent doomsday in the specification in (4.1). The
reason is that technological change does not affect the relationship between pollution and
output, but only that between capital and output. Technological progress is capital
augmenting. If it were environmental-input-augmenting instead, i.e. if T multiplied P,
constant environmental inputs could be reconciled with unbounded growth, provided that
technological change was unbounded.

4.2 Doomsday II: Malthusian stagnation (decreasing returns without technological
progress)
Now suppose that environmental and man-made inputs are good substitutes, but there are
decreasing returns to the accumulation of reproducible capital, that is one additional unit of
capital contributes proportionally less and less to production. Moreover, there is no
technological change. In particular, let's assume the following Cobb-Douglas specification:

= 0  if N<N
(4.2) F(N,P,K,T)

= PTT(K$ otherwise.

where 0 < $ < 1 and T is a positive constant. Since T is constant and P has an upper limit,
unbounded growth, if feasible, has to be driven by capital accumulation. Clearly, the maximal
feasible long-run growth rate is attained if P is set at the maximal level (to be denoted by
Pmsy) and if capital accumulation is maximal, that is, if total output is invested I=Y. The
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growth rate of capital is then, from (2.3):

(4.3) 0K/K = Y/K ! * = (Pmsy)T T( K$!1 ! *.

Hence, the growth rate of K falls with the level of capital. For small levels of the capital
stock, the output capital ratio Y/K is large enough to exceed the rate of depreciation *, so that
the economy generates enough output to both replace worn-out capital and expand the capital
stock. The higher the capital stock, however, the lower productivity of capital as measured by
the output capital ratio. As a result very high levels of K necessarily yield a falling capital
stock since total output at these levels is insufficient to replace all worn-out capital (Y<*K). 

Figure 4.1 illustrates this. The downward-sloping curve is the output capital ratio that
depends negatively on the capital stock because of diminishing returns. For levels of K below
6K, the output capital ratio exceeds the rate of depreciation so that a growing stock of capital
can be supported. For K>6K, capital falls. 

Figure 4.1 Capital accumulation with diminishing returns
When capital is relatively scarce (K<6K), its productivity is high and enough production is
available to expand the capital stock. When the capital stock is large (K>6K), depreciation
requirement * is larger than available production per unit of capital (Y/K) and the capital stock
necessarily falls. The basic reason is diminishing returns, implying that marginal capital
productivity falls to zero when capital grows large.

The maximal long-run capital stock 6K can be calculated from (4.3) by setting ,
which gives:

(4.4) 6K = (Pmsy
TT(/*)1/(1!$)



     9 When K becomes infinitely large, capital productivity (Y/K) becomes limK64PTT(h(K)/K=PTT(b. This
level is the asymptote in Figure 4.2. Growth is unbounded if Y/K>*, see the first equation in (4.3).
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Since the capital is stock is bounded, capital accumulation cannot keep going growth. The
basic reason is diminishing returns, that is the phenomenon that output per unit of capital
decreases as the capital stock is expanded. Under this assumption, a growing economy has
less and less investment opportunities available and growth peters out. The classical
economists Malthus and David Ricardo stressed the same source of limits to growth. In their
view, an expanding population is forced to exploit land with lower and lower yields, food
production per head falls and starvation slows down population growth.

In the presence of diminishing returns and without technological change, there is only
one escape from stagnation, viz. boundedness of capital productivity. In the example above,
the Cobb-Douglas specification of the production function implies that the output capital ratio
falls to zero when capital grows infinitely large. However, if the output capital ratio would be
bounded from below such that it always exceeded *, unbounded growth would become
feasible (see Jones and Manuelli, 1990). The following generalization of the production
function in (4.4) allows for this:

= 0  if N<N
(4.5) F(N,P,K,T)

= PT
AT(

Ah(K) otherwise,

where h(A) is an concavely increasing function of K, such that when K grows large, h(A)
increases linearly with K, that is:

hK(K) > b > 0, hKK(K) < 0, and limK64h(K) = bK.

The upper panel of Figure 4.2 depicts the production function. The lower panel confronts the
output capital ratio, or capital productivity, to depreciation requirement. Returns to capital
still fall in a growing economy, but since capital productivity is bounded below by bPTT(,
they do not fall to "starvation levels" provided that bPTT( > *.9 Despite diminishing returns,
the economy remains fairly productive.

Diminishing returns may be offset by increases in productivity through technological
progress. An increase in T in (4.2) captures technological progress: it improves output for any
given level of other inputs. Equation (4.4) shows that the maximal sustainable capital stock
unboundedly grows if technology grows without bound.
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Figure 4.2 Bounded capital productivity
If capital productivity (Y/K) never falls below replacement requirement *, production exceeds
depreciation needs and an unbounded expansion of the capital stock can be supported. The
production function (4.5), depicted by the solid line in the upper panel, features (average and
marginal) capital productivity that is bounded from below. The basic reason is that diminishing
returns to capital no longer hold when capital grows large. For ease of comparison with figure 4.1,
the broken lines correspond to the case in which diminishing returns apply for all levels of capital,
as in production function (4.2).

4.3 Discussion
To sum up the preceding sections, we find that stagnation will inevitably occur if in the long
run we face particular unfavourable combinations of poor substitutability between produced
and natural inputs, diminishing returns and absence of technological progress.

Can we say something about the plausibility of the doomsday models sketched here?
Since we are talking about technology and opportunities in the future, we basically do not
know. Although for current technologies diminishing returns may apply and substitution
possibilities may be limited, technology may change over time. Not only is the time
dimension is important; so too is the distinction between substitution and technological
change at firm level and at more aggregate level. While for an individual firm diminishing
returns abound and technological progress in its own area may become difficult, on the
macroeconomic level, substitution across different products, processes and sectors may occur
and technological change in one field may cross-fertilize technological change elsewhere,
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thus offsetting diminishing returns (this phenomenon is referred to as technology spillovers in
the growth literature). Furthermore, the economy may go through phases of growth and
stagnation because technology develops in a discontinuous way. In growth theory this is
typically disregarded. Instead, we may rely on small models to capture some aspects that may
be relevant for some sub-periods. 

In sum, it is useful to contrast doomsday models with models in which unbounded
growth is feasible. In the next section, we study the desirability of growth when unbounded
growth is feasible. This requires a discussion of the structure of households' preferences. In
the sections of Part III we study the consequences of environmental policy on growth and
standards of living when unbounded growth is feasible.

5. UNDESIRABLE GROWTH

In the previous section we discussed feasible growth paths. We concluded that under some
conditions there exist allocations of pollution and investment (P and I) such that consumption
C grows unboundedly and the environment N does not become depleted. Now the question
arises whether it is desirable to live in an economy in which investment and pollution levels
actually sustain unbounded economic growth. Might situations in which the economy stops
growing be more desirable than situations in which growth lasts forever? Among others,
Mishan (1993) and Hirsch (1977) have argued that the more affluent a society grows, the less
desirable further economic growth becomes. People care less about material production and
more about non-material and non-produced values, one of which is environmental quality.
Others have stressed the consequences of current decisions on investment and environmental
policy for future generations (see Brundtland, 1987). They have argued that intergenerational
fairness is a crucial criterion by which to assess whether economic growth is desirable.

5.1 Patience, greenness and flexibility: the structure of preferences
Within the formal framework of this chapter, the (un)desirability of growth clearly depends
on the structure of preferences (individual utility and social welfare criteria). Hence, we need
to explore the consequences of different specifications of preferences. It will be argued that
four crucial parameters determine the desirability of economic growth: time preference
(patience), preference for a clean environment (greenness), intratemporal substitution and
intertemporal substitution (flexibility).

To introduce these four parameters in an informal way, we compare four different
hypothetical growth paths and ask which one is preferred under alternative specifications of
preferences (in Part III we turn to a more formal modelling of preferences). Figure 5.1 depicts
four hypothetical feasible growth paths A-D in a particular economy that is characterized by a
certain production function and natural resource growth function. All paths start at the same
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initial level of environmental quality, N0. However, the paths differ in the choice of
investment and resource use levels over time. In general, higher levels of investment I reduce
contemporaneous consumption levels, but speed up the rate of growth and hence increase
future consumption levels. Higher levels of resource use P result in higher levels of
consumption, but at the cost of smaller improvements (or larger deteriorations) in the
environment. 

Path A results from high investment and pollution levels. Consumption initially grows
rapidly and then falls, but the environment deteriorates. Pollution is lower in path B, resulting
in lower consumption levels but improving environmental quality and ongoing economic
growth. Path C has even lower pollution levels and also lower investment outlays. As a result,
the environment improves more and consumption grows slower; consumption growth stops in
the end. Finally, a stationary economy is depicted by point D, where investment equals
depreciation and pollution equals absorption capacity at each moment in time. 

Figure 5.1 Four feasible growth paths
Each of the four paths depicts the evolution of consumption (C) and environmental quality (N)
over time, starting at N0 and evolving over time in the direction of the arrows. The dots at the end
of paths A, C, and D represent stationary states with C and N constant. All paths are feasible for
one and the same economy, depending on the strategy of investment and environmental policy it
chooses.

Now we may ask which path is preferred. Does society prefer the path with ongoing
growth (path B), or does it prefer one of the other growth paths on which long-run growth is
absent? This clearly depends on preferences. Two trade-offs are basically present: the
intratemporal trade-off between produced services and services provided by nature at each
moment in time, and the intertemporal trade-off between utility now and utility in future.

Path C is preferred over path B only if people care relatively little about produced
consumption goods and most about a cleaner environment, that is, if the "greenness" of



     10 High discount rates may lead to more extreme situations. Aalbers (1995) assumes that if environment
quality becomes lower than a critical value (N<N), output irreversibly falls to a positive level Y for T periods,
and only thereafter drops to zero (note that this is a slightly modified version of (4.1)). He shows that if the
discount rate is sufficiently high, society may find it optimal to deplete environmental quality below N and thus
cause the economy to collapse totally, that is, for the human race to go extinct.

     11 The work of Rawls (1971) is usually associated with the extreme case in which society does not allow
any trade-off between utilty levels at different time periods (i.e. for different generations) and only cares about
the level of utility of the generation that is worst off.
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preferences is high. In the extreme situation that people care about the environment only, C
dominates B if at any moment in time environmental quality is higher at C than at B. Hence,
if preferences are sufficiently green, growth may become undesirable. 

Path A may be preferred to paths B and C if people do not care very much about the
environment and care very little about what happens in future. That is, if society is very
"impatient", or, more formally stated, if society discounts future events at a high rate. Path A
has higher levels of consumption than B and C at early dates. The environment rapidly
deteriorates. After some date, the consumption starts declining and environmental
degradation gradually comes to a halt. Since environmental quality has become very low, the
environment's absorption capacity is very small and pollution has to be severely restricted.
Output and consumption are accordingly low. Although these latter developments are
undesirable perse, path A as a whole may be desirable: the decline in living standards occurs
in a far future and may be outweighed by the high consumption levels at earlier dates. A
society with a high discount rate sacrifices long-run growth and environmental quality for
high growth in the short run.10 Long-run growth is undesirable in this case. 

Path D, with both consumption and environmental quality constant over time, is also
characterized by zero growth. This path may be preferred over the other three paths if society
cares very much about an egalitarian distribution of utility over time, that is, if it has very
egalitarian preferences when comparing the utility levels attained by different generations. All
other paths have lower utility levels U(C,N) at early dates compared to D, but higher utility
levels at (some) later dates. Hence, utility is more equally distributed over time on path D. If
society finds it very unfair that people living at one moment in time are better off than those
living at another moment, path D is clearly preferred. In other words, society dislikes
economic growth if it dislikes trading off low utility today against high utility tomorrow, that
is if intertemporal substitution is low. A low rate of intertemporal substitution can also be
loosely called a low degree of "flexibility" over time. It can also be considered as a high
preference for intergenerational equity.11

Finally, we introduce the concept of intratemporal substitution, which is closely (and
inversely) linked to satiation. Compare again path C with path B. Along path B, produced
consumption becomes more and more abundant relative to environmental quality, whereas
along path C relative scarcity is more balanced. Path B is less desirable if satiation in
consumption is important, that is if the marginal utility of consumption falls rapidly when



     12 Satiation can be interpreted in terms of shifts in "greenness". As consumption becomes more abundant
and satiation occurs, society cares more about the environment, that is greenness increases. 
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consumption becomes abundant. Satiation occurs when consumption levels of the goods that
become relatively abundant (in this case C) are poor substitutes for the goods that become
relatively scarce (in this case N). Figure 5.2 illustrates this for the extreme case that produced
consumption goods and environmental amenities are perfect complements, that is, the
intratemporal elasticity of substitution between the two arguments in utility is zero. The
Figure depicts path B and C from figure 5.1 as well as iso-utility curves which are
rectangular. It is clear that instantaneous utility on path C is lower at early dates, but is higher
at later dates when satiation becomes important. Hence, if the discount rate is not too large, C
is preferred over B.12

Figure 5.2 Intratemporal substitution and the desirability of growth
The rectangular iso-utility curves reflect the case of perfect complementarity (that is, absence of
substitution) between produced consumption goods (C) and environmental amenities (N) in utility.
Development path C, on which the environment improves more at the cost of zero consumption
growth in the long run, reaches higher levels of utility than path B, on which consumption keeps
growing at the cost of smaller environmental improvements.

The discussion so far has been quite informal, in two respects. First, we did not show
that if a path without growth was the preferred one among the four paths in the figure, there
was no other (fifth) feasible path that was preferred over the other four paths depicted and
characterized by positive long-run growth. That is, we did not attempt to pick the optimal
growth path among all feasible paths. To do so requires a careful analysis of preferences in
combination with the production structure of the economy. In Part III below, we will study
optimal growth for certain specifications of production and preferences. Second, we did not
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formally define "greenness", "impatience", "flexibility" and intratemporal substitution. We
will do this in the next section. 

To sum up, we have found that growth may become undesirable if society is
impatient, if society cares a lot about intergenerational equity or if it cares a lot about the
environment especially when produced consumption goods become relatively abundant.

5.2 Sustainability and Balanced Growth
Sustainability or sustainable development is a much used concept in discussions about
economic growth and the environment. Many feel that growth is desirable only if it does not
come at the cost of generations in the (far) future. The desire for intergenerational justice is
often expressed by using the notion of sustainable development to assess the desirability of
growth (or any investment project or economic development). Although many definitions
circulate (see Pezzey 1989 and 1992), the most-cited definition of sustainability reads:
development that meets the needs of the present without compromising the ability of future
generations to meet their own needs (Brundtland 1987). We will adhere to the definition that
is more precise and easier to formalize in growth theory which reads: non-declining utility of
a representative member of society for millennia into the future (Pezzey 1992).

In our formal framework, if the economy grows along a balanced growth path in the
long run, the economy is also characterized by sustainable development as defined by Pezzey.
Balanced growth is a situation in which all variables grow at a constant rate that may be zero:
economic variables (output, consumption, investment, man-made capital stocks) grow at a
constant rate and environmental variables (pollution and environmental quality) remain
constant over time. Since utility depends positively on consumption, which grows, and
environmental quality, which remains constant, utility is increasing over time.

Whether sustainable development along a balanced growth path is actually desirable
depends on the four key characteristics of preferences discussed above. A sufficiently
impatient society (with a high discount rate) finds sustainability as defined by Pezzey
undesirable. To a large extent, it favours utility today at the cost of utility tomorrow, so that
utility levels optimally decline over time. Sustainability therefore requires a certain amount of
patience. Note also that desirable growth requires patience. In general, growth and
sustainability may go optimally go together. What makes sustainability difficult to achieve,
however, are market imperfections that cause actual developments to differ from optimal
developments. (We will return to this in Section 6.5).

Perhaps surprisingly, sustainability does not necessarily require "greenness". If, for
instance, a clean environment has only a small weight in utility, and produced consumption
and environmental amenities are good substitutes, a patient society opts for growing utility
perhaps by compensating decreases in environmental quality by rapid consumption growth.
Indeed, declines in environmental quality need not imply declines in utility. The crucial
parameter is intratemporal substitution between produced goods and the environment. The



     13 Rawls himself was more interested in (intratemporal) distribution between individuals than in
distribution over different generations. Moreover, uncertainty plays a major role in his work. In resource and
environmental economics, however, it is the intertemporal aspect under certainty that is stressed. The classical
question is to find the maximum sustainable level of consumption in a non-renewable resource economy, see for
example Solow (1974) and Hartwick (1977). Since in a model of renewable resources the constant consumption
(or constant utility) path is trivial -- it just implies zero net investment for all types of capital -- this route is not
pursued further in this chapter.
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opposite case arises if intratemporal substitution between consumption and amenities is
absent: then non-declining utility requires non-declining environmental quality (as well as
non-declining produced consumption). In general, when intratemporal substitution is rather
poor, increasing consumption at the cost of environmental degradation will not increase
utility any more in the end because of satiation. 

It is sometimes argued that two types of sustainability are relevant. First, strong
sustainability is said to occur if environmental quality (or the stock of natural resources) does
not decline over time. Second, weak sustainability allows for declines in environmental
capital provided that compensating increases in man-made capital prevent utility levels from
declining. In the approach taken here, strong sustainability is a special case of weak
sustainability (which in itself always satisfies the definition of sustainability above): if
substitution is poor, only strong sustainability (non-declining environmental capital) implies
non-declining utility. In fact, it is intratemporal substitution not only in utility but also in
production that matters. If substitution in production between non-rival environmental
services and man-made capital is poor, an ongoing decline in environmental capital will
irrevocably lead to lower production levels in the end. Lower production must lead to lower
consumption of produced goods at some time and utility necessarily declines.

We have assumed that it is the maximization of intertemporal welfare, the discounted
sum of utilities as in equation (2.5), that provides the criterion by which to judge the
desirability of sustainability. This so-called utilitarian principle implies that utility at some
date can be traded off against utility later or earlier on. Some criticism has been raised against
the principle and alternative criteria have been proposed which are worth mentioning. First,
Rawls (1971) argued that it may be unfair to make one generation suffer for the well-being of
other generations. He reasons that the only (intertemporally) fair situation13 is the infinitely
egalitarian society in which only gains accruing to the poorest generation yield an
improvement in intertemporal welfare (the Rawlsian criterion can be formalized as
maximization of the minimum level of undiscounted utility over time, which implies a zero
discount rate and a zero rate of intertemporal substitution). The far-reaching implications of
this are that future generations are not only protected against falls in utility, they are also
deprived of possibilities of growth. Growth in utility does not add to welfare in this
perspective as it would be unfair to previous generations.

The second alternative criterion is that of the infinitely altruistic society that only
considers the welfare of future generations. Only the utility levels that are reached in the



     14 This approach is associated with the "golden rule of accumulation", see Phelps (1961). We will pursue
this route further in part III.
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infinite future determine intertemporal welfare. This criterion expresses a moral obligation to
do the best we can for our children's children. These preferences make any improvement in
the far future desirable irrespective of the short-run costs involved.14 This criterion also seems
too extreme: it may involve great suffering for many generations in the not-so-distant future.

The sustainability criterion defined above is in some respect in between the egalitarian
and the altruistic extremes. However, sustainability has implications that are similarly
counter-intuitive as is the Rawlsian criterion. Declines in utility are ruled out, even if they
lead to huge improvements in utility in later phases.

We may conclude that we not need to replace the utilitarian approach by a
sustainability criterion nor by a Rawlsian or infinitely altruistic criterion to address issues of
intergenerational concern. Indeed, the utilitarian approach already allows for varying degrees
of altruism by permitting low discount rates. It allows for varying degrees of egalitarianism
by varying rates of intertemporal substitution (the lower the intertemporal substitution, the
higher the intergenerational equity). Moreover, relying on the utilitarian approach avoids the
problem associated with the sustainability criterion that the latter is not a sufficient criterion
to choose between several feasible growth paths. For instance, paths B, C, and D in Figure 5.1
all meet the criterion of sustainability. Intertemporal welfare associated with each of these
paths is the most natural criterion to select the optimal path (see Solow, 1993 and Nordhaus,
1994b). 

In the remainder of this chapter, we will focus on the maximization of intertemporal
utility. However, it remains useful to check whether this goes hand in hand with non-
declining environmental quality (strong sustainability, or ecological sustainability) or with
non-declining utility (weak sustainability) and to investigate its implications for long-run
utility levels (from an altruistic perspective).



25

PART III: ENVIRONMENTAL POLICY AND GROWTH

6. EXOGENOUS TECHNOLOGICAL PROGRESS

6.1 basic model
This section presents a stylized model to study the interaction between economic growth and
the environment. In particular, the model is a specific version of the basic model (see section
2) devised to examine the effects of environmental policy on aggregate income and growth.
Environmental policy entails measures to improve environmental quality, which takes time.
Meanwhile, in the short run, the policy implies that the economy has to cut back pollution
levels at the cost of lower output: to reach a lower pollution level, production has to fall and
less production is available for consumption and investment activities. This may hurt
economic growth. In the medium or long run, however, obvious gains materialize. Society not
only benefits directly from a higher environmental quality, it may also benefit indirectly as a
better environment may feed back into higher harvest rates from natural resources and higher
productivity of workers. The model in this section allows us to analyse the trade-off between
the short-run costs and long-run gains of environmental policy and their implications for
material standards of living and economic growth.

Applying our insights from the previous part of this chapter, we specify the production
and preference function in such a way that ecologically sustainable growth is both feasible
and desirable. Using specific forms allows us to study explicitly how investment behaviour
and pollution affect the economy over time. We make the following distinction. We first
study the economy for a constant savings rate (s/I/Y) and a constant level of pollution (P).
Then we turn to the situation in which both variables are optimally chosen so as to maximize
welfare, that is we study optimal growth. Throughout this section we consider technological
change as exogenous.

Production of final goods (2.2) is given by:

(6.1) Y = (aNP) (TLL)" K$ (TPP)T, "+$+T=1,

where L is labour input, TL (TP) is labour augmenting (resource-augmenting) technological
progress, aNP is the total factor productivity term that depends positively on the quality of the
environment, and ", $, and T are the production elasticities of labour, capital and resources
respectively (they are all positive). We disregard population growth and assume full
employment, so that L is a positive constant. The two indexes of technology TL and TP evolve
exogenously over time. A useful aggregate index of technology turns out to be defined by: 

(6.2) T / (a TL
" TP

T)1/(1!$)



     15 We choose a Cobb-Douglas production function to simplify the analysis. All results go through if the
production function is replaced by Y = a(N)AF(TLL, K, TPP) where a(A) is a nondecreasing function of N and F(A)
is a (nested) CES function. To show this is left as an excercise for the readers.
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The production function can then be rewritten as

(6.3) Y = NP L" K$ T1!$ PT

We will assume that this technology index grows at a given rate g:

(6.4) .

Recall from our discussion about feasibility of long-run growth that we need technological
progress (g>0) to offset the diminishing returns with respect to man-made capital (as reflected
by $<1). Note also that our Cobb-Douglas specification implies that substitution between
man-made assets and natural inputs is large enough to guarantee feasible long-run growth.15

As explained in the discussion of the basic framework, output is used for consumption
and investment in man-made capital, see (2.1) and (2.3):

(6.5) Y = C + I
(6.6)  = I ! *K

and environment quality evolves as a renewable resource, see (2.4):

(6.7) .

Firms maximize profits in perfectly competitive markets by choosing labour input,
capital input and natural resource input (pollution). This implies that the marginal products of
each of these three inputs equals their prices:

(6.8) "Y/L = w
(6.9) $Y/K = r + *
(6.10) TY/P = J.

where w, r, and J are the wage, interest rate and price of a pollution permit (or price of one
unit of the resource) respectively. The wage and interest rate adjust endogenously so as to
balance demand and supply of labour and capital respectively. The government issues a
certain number (P) of pollution permits each moment in time. The price of pollution permits
J adjusts endogenously so as to equate firms' total demand for polluting resources and the
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total number of available pollution permits. Alternatively, we may say that the government
impose a tax J and firms choose the level of pollution. Hence, government regulation
(directly or indirectly) determines the aggregate level of pollution P. 

Changes in environmental policy stance require changes in the equilibrium amount of
pollution. If the government employs a system of tradable pollution permits, it can implement
such a policy change by buying or selling pollution permits. If the government employs
environmental taxes, environmental policy changes involve changes in environmental tax
rates. In what follows we will not refer to these specific institutional details of policy, but
simply study the effects of changes in pollution levels directly. We study the situation in
which the government reduces the level of pollution so as gradually to increase environmental
quality to a certain target level N

4
. This models the tightening of environmental policy. For

expositional reasons, we assume that the economy starts from a steady state in which
pollution and environmental quality are constant, i.e. P=E(N). As a result pollution has to fall
initially below the actual absorption capacity level E(N0) in order to induce improvements in
the environment, that is, 0N>0 only if P<E(N). 

To analyse the long-run effect, we need to distinguish between two initial situations as
is illustrated in Figure 6.1. First, assume that environmental quality is already rather high,
such that N0>Nmsy. Then, when the environment improves, absorption capacity E falls and a
higher stable level of environmental quality will be reached once absorption capacity has
fallen to the new level of pollution. See figure 6.1 left panel, where the policy reform implies
a reduction in pollution from P to PN and enviromental quality improves from N0 to N

4
. A

second situation arises if initial environmental quality is below Nmsy. Then, the absorption
capacity improves once environmental quality improves. Hence, in the long run a higher level
of pollution can be maintained [unless, of course, the target level for environmental quality
N
4
 is very ambitious (N

4
>Nmsy) and implies a lower absorption capacity E(N

4
)<E(N0)]. See

Figure 6.1, right panel, where pollution is reduced from P to PN on impact but gradually
increases to P" in the long-run. 

In the analysis that follows, we are mainly interested in the immediate effects and
those in the long run, and we need not make any assumption about the precise path of
pollution over time. We shall analyse not only the effects of small changes in long-run levels
of pollution and environmental quality, given the initial levels, but also the determinants of
the optimal levels of pollution and environmental quality, given society's welfare function. 



     16 The specification implies an intratemporal elasticity of substitution equal to one, which is a necessary
condition for balanced growth to be optimal, see Bovenberg and Smulders (1995).
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Figure 6.1 How environmental policy brings about environmental quality improvements
To improve long-run environmental quality, short-run pollution level P have to be reduced below
absorption capacity levels E(N0). Once environmental quality has changed, absorption capacity
also changes. Environmental improvements stop once the pollution level matches absorption
capacity. In the left panel, the long-run pollution level has to fall below the initial level E(N0) since
absorption capacity has fallen. In the right panel, absorption capacity has improved with
environmental quality and the long-run pollution level can be increased relative to its initial level.

Finally, we have to specify household behaviour. Here we consider two alternative
routes. First, some useful insights can be gained by assuming that consumers save a constant
fraction of income s, which follows the standard neoclassical theory of economic growth
(Solow 1956). Alternatively, we may assume that households maximize intertemporal utility.
In that case we specify preferences of the representative agent, see (2.5), by:

(6.11) ,

where (CANN)1!1/F represents instantaneous utility, h the utility discount rate ("impatience"), N
the preference for the environment ("greenness"), and F the intertemporal elasticity of
substitution ("flexibility").16 

6.2 Solowian growth 
Households save a fraction of income s, so that consumption equals C=(1!s)Y and capital
accumulation in (6.6) can be written as 

(6.12)   = sY ! *K



     17 Subtracting (6.4) from (6.12), we find = s NP PT L" (K/T)!(1!$) ! (*+g), where the left-TTKK // �� −
hand side of this equation represents the growth rate of K/T. Hence, the equation is a differential equation in the
single variable K/T. All values of K/T converge to the value given in (6.14). Note that a similar picture can be
drawn as in Figure 4.1, with K/T -- rather than K -- on the horizontal axis, and sY/K rather than Y/K as well as
*+g rather than * on the vertical axis. The difference between the sY/K curve and the *+g line determines the
growth rate of K/T rather than of K.
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Substituting (6.3) into (6.12), we solve for the growth rate of the capital stock:

(6.13) /K = s NP PT L" (T/K)1!$ ! *

Because of diminishing returns, the growth rate of capital falls with the stock of capital.
Technological progress however offsets diminishing returns: an increase in the technology
level T increases the growth rate of capital. The growth rate of capital can only be constant if
T/K is constant, that is, if technology and capital grow at the same rate. Since technology
grows at the exogenous rate g, see (6.4), capital also grows at rate g in the long run.17 Setting

 in (6.13) equal to g, we can solve for the capital technology ratio to which the economy
converges: 

(6.14) (K/T)
4
 = [ s L" P

4

T N
4

P / (g+*) ] 1/(1!$)

where the subscript 4 is used to denoted long-run values. 
In the long run, pollution is determined by absorption capacity so as to maintain

environmental quality at a constant level:

(6.15) P
4
 = E(N

4
)

Substitution of (6.14) and (6.15) into the production function gives the following expression
for per capita income:

(6.16) (Y/TL)
4
 = [s/(g+*)]$/(1!$) L!(1!"!$)/(1!$) [E(N

4
)T N

4

P]1/(1!$) 

This expression clearly indicates the long-run effects of a change in environmental quality (N)
on the standards of living (per capita income Y/L). Environmental policy that is aimed at
improving environmental quality affects output, first, through changes in absorption capacity
(E(N)) and, second, through the link between environmental quality and total factor
productivity (NP). Higher environmental quality may improve the capacity of the environment
to assimilate pollution (E). The economy benefits from this improvement since it allows the
economy to pollute more without adverse effects in the long run. However, the absorption
capacity can only be improved if initial environmental quality was critically low. Figure 6.2



     18 Taking logs in (6.16), we find lnY/TL = [TAlnE(N)+PAlnN]/(1!$)+constant. Differentiating with respect
to lnN gives Mln(Y/TL)/MlnN = [TA(MlnE(N)/MlnN) + P]/(1!$). Note that MlnE(N)/MlnN=ENN/E is the elasticity of
E. We find the maximal value for Y/TL by setting Mln(Y/TL)/MlnN = 0.

     19 Phelps (1961) introduced the notion of the "Golden rule of accumulation". This was defined as the
savings rate that maximizes long-run per capita income. Note that this savings rate can be found by maximizing
(1!s)Y/TL with respect to s. This yields s=$. Hence, long-run per capita consumption is maximized if s=$ and if
P=E(NGR), where NGR solves (6.17). 

     20 See section 2 on the distinction between rival and non-rival natural inputs.

30

reproduces two panels of Figure 3.1. If N>Nmsy, the absorption capacity falls if environmental
quality is improved. Investment in the environment then implies a richer natural environment
but the sustainable pollution level declines. Thus, in the long run, the economy has to cut
back pollution and production falls. By the second effect, however, environmental quality
improvement directly affects total factor productivity (for example by reducing illness of
workers). Hence, for N close enough to Nmsy, the productivity effect offsets the reduction in
absorption capacity and standards of living still increase in environmental quality, see the
lower panel of Figure 6.2.

By differentiating (6.16) with respect to N, we find that environmental policy
maximizes the long-run standard of living (as well as consumption levels) if the following
condition holds:18

(6.17) ENN/E = ! P/T Golden Rule

that is, the elasticity of the regeneration function E should equal minus the ratio of the
production elasticity of environmental quality and that of pollution. Since the elasticity of the
regeneration function is a negative function of N, see middle panel of Figure 6.2, this
condition determines a unique level of environmental quality that can be called the "Golden
Stock of Natural Capital", denoted by NGR. The associated pollution level can be said to
characterize the "golden rule of environmental policy", PGR.19 The shape of the regeneration
function and two parameters of the production function determine the golden stock: T, the
production elasticity of rival use of the environment, and P, the production elasticity of non-
rival services from the environment.20 

There are two useful interpretations of condition (6.17) which will be called the
"golden rule of environmental policy". First, the golden rule has a positive interpretation and
indicates in which situation environmental policy improves long-run standards of living. A
more ambitious environmental policy standard improves long-run production and
consumption levels if ENN/E > ! P/T, that is if initial environmental quality was relatively
low (N<NGR). Vice versa, standards of living worsen if ENN/E < ! P/T, and N>NGR. Note
that this result again underlines that a more ambitious environmental policy does not
necessarily conflict with long-run material welfare. 
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Figure 6.2 The (green) golden rule
The curves in the upper two panels are reproduced from Figure 3.1. The lower panel depicts long-
run material standards of living (per capita output, scale by productivity) as a function of
environmental quality (with s=$). The level of environmental quality for which long-run material
living standards are maximized is given by the golden rule (NGR) which requires the elasticity of
the regeneration function to be equal to !P/T, see middle panel. The level of environmental
quality for which long-run utility levels are maximized is given by the green golden rule (NGGR).
The larger the preference for a clean environment (measured by N), the larger is the green golden
level of environmental quality and the lower are long-run material living standards.



     21 This can be checked immediately from (6.16): since all variables on the RHS and L on the left-hand
side are constant, Y grows at the same rate as T. Since consumption C is a fixed fraction 1!s of output, it grows
at the same rate.
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Second, the golden rule has a normative implication. If society wants to maximize
long-run standards of living (ignoring short-run costs), it should set long-run pollution levels
according to the golden rule. In an economy in which production heavily relies on natural
resource use (T large), the golden rule implies that pollution should be close to the maximum
sustainable pollution level Pmsy. However, in an economy that relies relatively heavily on non-
rival services from the environment (P large, T small), pollution standards under the golden
rule should be substantially lower than the maximum sustainable pollution level Pmsy.

In this model, environmental policy has no effect on the long-run growth rate of the
economy, but only on production levels. Environmental policy affects growth in the short run,
but in the long run capital cannot grow at a faster rate then exogenous technological change
because of diminishing returns with respect to capital accumulation. Indeed, in the long-run,
output, consumption, and capital grow at the same rate (g) as the technology index (T).21 

A few words on what happens in the short run is worth mentioning. In the short run,
production levels necessarily fall if a policy is implemented to improve environmental
quality. This can be derived directly from (6.3) by evaluating production in the short run
(denoted by time subscript zero):

(6.18) (Y/TL)0 = (K0/T0)$ (P0
T N0

P) L"!1 

In the short run, K, T, and N are given. In order to increase environmental quality, pollution
has to be reduced, and output falls. Hence, while environmental policy may boost output in
the long run, it necessarily harms production in the short run.

6.3 The Green Golden Rule 
The golden rule of environmental policy that was derived in the previous subsection has the
single purpose of maximizing consumption levels in the long run. This is not necessarily the
most desirable strategy for society as a whole. In fact, it completely neglects (intertemporal)
preferences (note that preference parameters do not show up in the golden rule). To go from
the golden rule to the most desirable (that is, optimal) environmental policy, two modification
have to be taken into account. First, it has to be recognized that society cares about not only
consumption but also environmental quality as an amenity. Second, the long-run effects of the
golden policy may take a very long time to materialize and society may care about the short-
run effects as well.

To address the first issue, let us find out what the level of environmental quality
should be in order to maximise long-run utility levels rather than consumption levels. This
level is the goal of a society that is infinitely altruistic, in which current generations are



     22 Chichilnisky et al. (1995) introduced the term "green golden rule". Our discussion generalizes their
work by allowing for substitution between polluting inputs and other inputs: Chichilnisky et al. assume P=C and
Y=F(K,N). The label "green" indicates the link to the "green accounting" literature (see the chapter by Aronsson
in this book). Green national income refers to a concept of income that is a more encompassing index of welfare
because it takes into account, among other things, environmental amenities.
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willing to sacrifice whatever is needed to attain the best for the future (formally, such a
society has a zero discount rate and an infinite elasticity of substitution). 

Instantaneous utility is given by (a monotone transformation of) CANN = (1!s)YANN.
Eliminating Y using (6.16) and maximizing with respect to s and N, we find respectively:

(6.19) s = $

(6.20) Green Golden Rule

To distinguish condition (6.20) from condition (6.17), we refer to it as the "green golden rule
of environmental policy", defining the level NGGR.22 Again, there is a positive and a normative
implication. If the actual stock of environmental quality is below the green golden level, a
more ambitious environmental policy raises long-run utility levels. If society wants to
maximize long-run utility levels, it should set environmental policy according to the green
golden rule. This policy would be the optimal policy in an infinitely altruistic society, see
section 5.2.

First, consider the role of environmental amenities (as parametrized by N). The more
society cares about the environment as an amenity or the larger its existence value, the larger
is the green golden stock of environmental capital (NGGR increases in N). As can be seen in
Figure 6.2, such a "greener" economy has lower material standards of living than a society
that is less "green". The former economy sacrifices material production for the enjoyment of a
cleaner environment. 

Second, consider the interaction between investment in man-made capital (as
indicated by s) and investment in the environment as a consumption good (as parametrized by
N). According to the green golden rule, the more productive capital is, the more should be
saved for future generations and the less should be invested in environmental quality for
amenity reasons (NGGR falls and s rises with $). The amenity value of the environment is the
reason for society to optimally invests in the environment beyond the level that maximizes
economic output. Then not only output is below its maximum but also investment in man-
made capital. The higher that productivity of man-made capital is, as reflected in high values
of $, the more costly it is to reduce man-made capital investment in favour of investing in the
environment as a consumption good (amenity). Hence higher returns to capital call for lower
long-run environmental quality and higher savings rates in order to reach the best steady state



     23 Differentiation with respect to time of the second equality in (6.22) gives: 0:/: =
!(1/F)0c/c+(1!1/F) . From the second equality in (6.24), we have 0:/:=h!$Y/K+*. Elimination of 0:/:
between these two equations gives (6.26).
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for future generations.

6.4 Optimal growth
To address the trade-off between short-run costs and long-run benefits of environmental
policy, the second issue that was ignored by the golden rule, let us determine the fully optimal
growth path. Society maximizes intertemporal utility of the representative agent as given by
(6.11), subject to (6.3)-(6.7). This maximization problem is only well-behaved if the intergral
in (6.11) is bounded. This requires that discounted instantaneous utility approaches zero for
t64. Since N is constant and C grows at rate g in the steady state, the discounted value of
momentanous utility asymptotically grows at rate (1!1/F)g !h. Hence we need to make the
following assumption: 

(6.21) h + g(1!F)/F > 0. 

The following Hamiltonian characterizes the maximization problem:

Ho = (1!1/F)!1(CNN)1!1/F + :A[ NP L" K$ T1!$ PT ! *K ! C ] + vA[ E(N) ! P ]

where : and v are the co-state variables (shadow prices) of the capital stock and
environmental quality. The first order conditions are:

(6.22) MHo/MC = C!1/F NN(1!1/F) ! : = 0

(6.23) MHo/MP = :TY/P ! v = 0

(6.24) MHo/MK = :$Y/K ! :* = :h ! 0:

(6.25) MHo/MN = N C1!1/F NN(1!1/F)!1 + :PY/N + vEN = vh ! 0v

Eliminating the shadow price : by differentiating (6.22) with respect to time and substituting
the result into (6.24), we find:23

(6.26) $Y/K ! * = h + (1/F)A[ 0c/c + (1!F)N  ]

This expression equates the net rate of return to capital (left-hand side of equation 6.26) to the



     24 See Blanchard and Fischer (1989, p.45) for a more detailed discussion of the technicalities of the
optimization procedure for the model without environmental issues.

     25 Note that I=(g+*)K in the steady state, so that s/I/Y=(g+*)/(Y/K).

     26 First, divide both sides of the second equality in (6.25) by <. Second, use <=:TY/P and
0</<= 0:/:+(T0Y/P)/(TY/P) from (6.23) to eliminate < and 0</< respectively. Next, use :=C!1/FNN(1!1/F) from (6.22)
to eliminate :. Finally, use 0:/:=h!$Y/K+* from (6.24) to eliminate 0:/:.
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required rate of return on forgone utility (on the right-hand side) and is known as the "Keynes
Ramsey rule".24 Note that society requires a higher rate of return if it is more impatient and
inflexible (that is, if h is large and F is small). The term in brackets represents the rate of
decrease in marginal utility of consumption over time ( ). The faster marginal utility

of produced consumption goods falls, the lower is the value of an increase in production
capacity in terms of utility. Households only keep investing if they are compensated for this
loss by a higher rate of return in terms of output. Hence, the faster marginal utility of
produced consumption goods falls, the higher the required rate of return on investment is. 

In the long run, consumption grows at rate g and environmental quality is constant so
that the Keynes Ramsey rule boils down to the so-called "Modified Golden Rule":

(6.27) $Y/K = * + h + g/F

From this expression we can calculate the long-run optimal savings policy:25 

(6.28) .

Society optimally saves less in the steady state the more impatient it is (that is, the higher its
h is) and the lower its rate of intertemporal substitution ("flexibility", F) is. It invests more if
the returns to capital (measured by $) are larger.

To determine the optimal environmental policy, we eliminate the shadow prices v and
: by substituting (the time derivative of) (6.22-24) into (6.25) and find:26

(6.29)

This expression equates the net return to capital (on the left-hand side) to the return on
investment in environmental quality (on the right-hand side). Investment in environmental
capital yields a return to society for four reasons. First, preserving the environment ensures
the availability of a sink for wastes and a source of resources in future. The faster the



     27 First, note from (6.27) that the left-hand side of (6.29) equals h+g/F. Second, note that the growth rate
of TY/P, that is the first term on the right-hand side of (6.29), equals g since T is a parameter and P is constant
in the steady state. Finally, note that C/Y=1!s.

     28 Since E(0)=0, we apply L'Hopit$al's rule to find limN60N/E(N)=1/EN(0).
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productivity of polluting and natural resource inputs in production grow, the more attractive it
is to preserve the environment as reflected in the first term on the right-hand side (note that
TY/P is the marginal product of polluting inputs). Second, improving environmental quality
may improve the absorption capacity of the environment, as is reflected in the second term.
Third, the environment improves productivity of man-made assets with elasticity P. Fourth,
the environment has an amenity value that is more important the larger N is. 

In the long run, Y, C, and K grow at rate g, and pollution equals absorption capacity
(P=E), which are both constant. Substituting these results, and eliminating the net rate of
return to capital between (6.27) and (6.29), we find:27

(6.30)

If this condition is satisfied in the long-run, environmental policy is optimal and
environmental quality takes its optimal long-run level, to be denoted by N*. Figure 6.3
determines the optimal level of environmental quality graphically. The middle panel depicts
the left-hand side and right-hand side of equation (6.30) by the downward sloping LL cuve
and upward sloping RR curve respectively. The point of intersection determines N*.

A balanced growth path leading to a positive long-run level of environmental quality
is optimal only if there exists a solution to (6.30), that is, if the point of intersection in the
figure exists. It can be seen immediately that if the rate of discount h is very large, such a
point of intersection does not exist (the RR curve is then always above the LL curve). This
confirms our intuition from section 5.2 that sustainability requires some degree of patience.
We can be more precise now. There is a point of intersection for positive N if the intercept of
the LL curve exceeds that of the RR curve. By evaluating (6.30) for N = 0, we find that this
corresponds to the following condition:28

.
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Figure 6.3 Optimal environmental policy
The optimal level of environmental quality trades off long-run benefits and short-run costs of
investment in a clean environment. It is determined by the point of intersection in the middle
panel, which corresponds to equation (6.30). The lower panel shows the corresponding long-run
material standard of living (with s=s*). Since the optimal savings rate is below the golden rule
savings rate (s=$), long-run optimal living standards are below their golden rule levels which are
indicated by the broken lines. 
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According to this inequality, a balanced growth path (which is also a sustainable development
path) is optimal in the long run if the discount rate (h) is sufficiently small, or if environment
quality is sufficiently important as a source of productive and amenity services (as measured
by P and N) or if environmental quality improves quickly if it is (almost) completely depleted
(as measured by EN(0)). Intuitively, even an impatient economy is willing to invest in
environmental quality provided that the returns to this investment materialize quickly and the
returns have a large value in terms of production and utility. If polluting inputs are highly
productive (as measured by a high value of T), sustainability is less likely optimal.
Intuitively, it makes excessive depletion for the sake of short run gains attractive relative to
the loss of long-run environmental quality. In the rest of this section we assume that the above
condition holds in order to further analyse optimal sustainable growth paths.

The positive implication of the optimal policy rule in (6.30) is that as long as N<N*, a
more ambitious environmental policy will improve intertemporal welfare. The normative
implication is that in order to maximize intertemporal welfare, society should aim at a long-
run level of environmental quality equal to N*.

The optimal environmental policy rule in (6.30) can be compared to the green golden
rule of environmental policy in (6.20). While the latter maximizes long-run utility levels with
respect to N, the former maximizes intertemporal utility. The difference between the two
rules can be decomposed in a difference in savings rate (the green golden rule savings rate
equals $ while the optimal savings rate is lower, see (6.19) and (6.28)) and a difference that
stems from the second term in (6.30).

The first term on the right-hand side of (6.30) is similar to the Green Golden Rule, but
now the savings rate s differs. Investment in man-made capital involves a short-run cost in
terms of foregone consumption. The optimal savings rate trades off the short-run cost against
the long-run gain and accordingly arrives at a lower savings rate than the (green) golden rule
which only considers the long-run impact of savings on utility (s* falls short of $ under
condition (6.21)). A lower stock of man-made capital results, which also causes the
productivity of complementary inputs to be lower. The value of polluting inputs in production
is accordingly lower, which makes it less costly to expand environmental quality (beyond
Nmsy) at the cost of long-run sustainable pollution levels. We will call this the "investment
shifting effect".

The second term in (6.30) modifies the Green Golden Rule so as to incorporate the
trade-off between short-run costs and long-run benefits of environmental policy. This term
reduces the optimal level of environmental quality in the long run as compared with the green
golden rule. Higher environmental quality requires a reduction in pollution and an
accompanied fall in output in the short run. The second term reflects this short-run costs of
maintaining a high level of environmental quality in terms of forgone output and
consumption. Note that the short-run cost weighs more heavily if impatience (h) is larger and
intertemporal flexibility (F) is smaller. 



     29 The two effects show up in condition (6.30) in the following way. An increase in h directly increases
the right-hand side of (6.30) for given N. This is the investment reduction effect (recall that an increase in the
right-hand side shifts up the RR-curve in Figure 6.3 and decreases N*). An increase in h reduces the right-hand
side (and shifts down the RR curve) indirectly through a decrease in s*, see (6.28). This is the investment
shifting effect. A decrease in F has similar effects.
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Whether the optimal stock of environmental quality is larger or smaller than the Green
Golden stock depends on the balance of the two opposing effects. On the one hand,
impatience reduces society's total investment efforts, on the other hand impatience shifts
investment from physical capital that is only indirectly useful for welfare towards
environmental capital that has a direct impact on welfare through its amenity value. The
second effect dominates if society's preferences are relatively heavily biased towards a clean
environment (that is, if the "greenness" parameter N is large).
 Optimal environmental quality increases with the greenness of preferences (N) and
the productivity value of the environment (P), it decreases with the degree of dependence on
polluting inputs (T). This can be seen from the fact that increases in N/T and P/T imply the
right-hand side of (6.30) to be smaller (for a given value of N) and shift down the RR curve in
the middle panel of Figure 6.3 so that the point of intersection shifts to the right. The
preference parameters h and F have an ambiguous effect on optimal environmental quality.
To illustrate, an increase in the impatience parameter (discount rate) on the one hand reduces
overall investment, which implies a fall in the optimal level of environmental quality, but on
the other hand, it will shift investment from physical capital accumulation to environmental
improvements by the investment shifting effect explained above.29 Normally, higher
discounting implies lower environmental quality in the optimum steady state. The
environment can be seen as a productive asset (yielding ecological and productive services).
Impatient societies tend to invest less in productive assets. Only when environmental quality
is an important source of direct utility (that is, if N is large), the investment shifting effect
may dominate the overall reduction in investment and optimal environmental quality
increases if society starts discounting more. In this latter case, the environment acts like a
consumption good rather than a capital good, and any shift that makes investment more
attractive reduces optimal environmental quality. 

Finally, let us examine the effect of a higher rate of growth on optimal environmental
quality. This effect also depends on whether the environment is mainly a productive asset or a
consumption good (measured by N). Furthermore, it depends on intertemporal preferences
(measured by F).

Consider first the role of intertemporal preferences by setting N=0 for convenience.
Then, the rate of growth affects optimal environmental quality through the second term in
(6.30) only. A higher rate of technological improvements (g) implies that both physical
capital and natural inputs (pollution) become more productive at a faster rate, thereby
increasing future production and consumption opportunities. On the one hand, these higher
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returns make investment more attractive. On the other hand, consumers want to anticipate
some of the future productivity gains by increasing consumption now and smoothing their
consumption over time. The less willing they are to substitute intertemporally (that is, the
smaller F), the more important this investment reduction effect. Indeed, if F<1, the latter
effect dominates the former effect and faster technological improvements reduce overall
investment (see the term (1!F)g on the right-hand side of (6.30)). Intuitively, society likes to
use the windfall profits from faster technological improvements for consumption purposes
rather than for investment in order to smooth consumption over time. Higher growth is
associated with lower long-run environmental quality through this channel (the RR curve
shifts up). If, on the other hand, intertemporal substitution is large, society optimally invests
more since it is flexible enough to postpone the benefits of technological advance to later
dates. In this case, higher growth tends to be associated with higher environmental quality.

Now consider the role of the environmental as a consumption good by allowing for
positive values of N. A higher rate of technological improvements increases returns to
investment and accordingly increases the fraction of output devoted to investment s*, see
(6.28). This makes investing in environmental amenities more costly by the investment
shifting effect described above. Hence, through this channel higher growth tends to be
associated with a lower level of optimal environmental quality in the long run.

Taking the effects together, we may conclude that higher growth is bad for the
environment in the long-run social optimum unless intertemporal substitution is large and the
environment is an investment good rather than a consumption good.

6.5 The decentralized economy: open access and externalities
Up to now we have assumed that the government fully controls the level of pollution through
an appropriate system of pollution permits or environmental taxes. This section explores what
happens if this government control is imperfect or even absent. We will see that the "laissez-
faire economy" tends to pollute too much and to experience rapid degradation of the
environment. The basic reason is that environmental quality has a public-good character and
private agents have insuffient incentives to invest in it. In particular, environmental quality
has a public-good character in providing ecological services, since many individual parts of
the environment, like separate species or areas, may benefit from the overall improvements in
environmental quality. Similarly, firms and households benefit from environmental quality
improvements, which makes the environment a public capital good that provides productive
services and amenities. 

Excessive pollution levels may have two types of consequences. First, and most
dramatically, pollution may exceed sustainable levels such that environmental quality
deteriorates steadily. These high levels of natural inputs and resource exploitation may allow
material standards of living to increase in the short run. However, the accompanying
deterioration of environmental quality may cause output to fall in the long run. No steady



     30 Formally, we had to include the restriction P#Pmax in the former subsections. By ignoring this constraint
for simplicity, we implicitly assumed that the restriction never binds under the golden rules and optimal
environmental policy rules. Note that this must be true in the long run in an economy in which T grows without
bound, which we have assumed. 
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state balanced growth path will arise in such a market economy. 
A second possibility is that pollution is excessive in the market economy, but still at

sustainable levels. In this case, environmental quality will be below the optimal level because
of the insufficient investment incentives. From Figure 6.3, lower panel, we can derive
immediately that this lower level of environmental quality (N) may result in either higher or
lower long-run material standards of living (the former happens if the optimal level N* is
much larger than NGR while the suboptimal level in the market is close to NGR). In any case, of
course, welfare will be lower than possible in the economy suffering from uninternalized
externalities.

To study the market economy without any government intervention, we now assume
that there is no cost associated with polluting the environment. The price of pollution (J) is
zero since there are no taxes levied by the government, nor are firms to require to hold
pollution permits. Firms would choose an infinite level of pollution as is shown by the firms'
first order condition for maximizing profits, equation (6.10), with J=0. Intuitively, natural
resources can be used for free (firms have free access to natural resources), so that firms
demand as much of them as they can use. 

In equilibrium, pollution cannot be infinite, however. First, the supply of natural
resources is limited by the actual state of the environment. Second, the amount that can be
extracted from nature depends on (extraction) technology. If we think of P as the amount of
rival inputs harvested from nature (cf. section 2), this amount cannot exceed the maximal
harvest rate to be denoted by Pmax. It seems natural to assume that this amount depends
positively on the total stock of natural resources N (a larger stock allows for larger harvest)
and the state of technology (more advanced technology may give access to larger parts of
natural resources). We choose the following simple specification:

(6.31) Pmax = DANATR.

Alternatively, if we think P as the level of pollution disposed in the environment, there is
likely to be a similar maximum Pmax. The richer the environment, the larger the maximum
amount of pollution that can be disposed of. More advanced technologies may lead to ways to
more easily use the environment as a sink for wastes. With infinite demand for rival
environmental resources and supply bounded by (6.31), actual pollution levels will equal
Pmax.30 We may characterize this economy as an open-access resource economy, in which



     31 Alternatively, this economy can be labelled a "cowboy economy" in which firms and households
imagine the environment as an limitless plane, the frontier of which can be pushed back indefinitely (Boulding,
1966).
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each pollutor pollutes as much as he can.31

Sparsely populated economies can be often characterized as an open access area, in
particular the world economy at the earliest pre-historical times. Man depended on food
gathering and hunting, using primitive techniques. Thus, natural resource input was extremely
important, but labor input, capital (tools), and technology (hunting pratices and knowledge of
plants and herbs) also were essential to determine living standards (which is captured by the
production function in (6.1)). Our stilized model sheds some light on the interaction between
open access and technological change from the beginning of history. Suppose, that the world
started at a virgin level of environmental quality, 6N, and a stationary technology level T0. How
the environment evolves over time is now determined by the ecological function (6.7) and the
open access level of pollution given by (6.31). Both are depicted in Figure 6.4. Prehistoric
man collected as much food (natural resources) as he could, Pmax=D6NT0

R. This level is fairly
small as hunting and gathering technologies are still underdeveloped; only a very small
fraction of the total natural environment is of use in this society (for example, mammoths but
not off-shore oil). Nevertheless, this level necessarily exceeds absorption capacity initially
(since E(6N)=0, see section 3) and environmental quality gradually declines from 6N to Nhe. 

The transition from hunting to agriculture implied a major jump in technology which
allowed society to exploit a larger part of nature's resources. In Figure 6.4, the advent of more
advanced technology (an increase in T) rotates the ray of maximal pollution to the left,
pollution increases and environmental quality falls (to Nae). 

The lower panel of Figure 6.4 displays the consequences of ongoing technological
progress, as man's history has witnessed. The small arrows indicate that, for a long period,
pollution increases over time (because of technological advances) and environmental quality
falls (because of pollution levels that exceed absorption capacity). However, technological
progress and environmental degradation interact, since they both affect pollution levels, see
(6.31). In early phases, the improvement in technology dominates the decrease in
environmental quality and pollution increases. However, the larger pollution is, the more it
exceeds absorption capacity and the faster environmental degradation takes place. Hence, at a
certain moment in time, environmental quality becomes so low that smaller and smaller
amounts of natural resources become available for the economy despite high levels of
resources extraction technology. This explains the fall in pollution in later stages. The open
access economy leads to a race to the bottom, where technological improvements allow
producers to deplete the environment completely in the end.



     32 Ponting (1991) masterfully surveys how in history societies managed (or not) their environment. For
example, institutional change in Easter Island failed, with disastrous consequences for the environment, while
ancient Egypt was more successful. 
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Figure 6.4 The open-access economy
If resource use is unpriced (because property rights on resources are not defined), society pollutes
as much as it is can, as represented by the Pmax line, defined by equation (6.31). As long as
maximal pollution levels are not too large, a stable steady state environmental quality level is
reached. A jump in technology rotates the Pmax line upward. This results in higher pollution levels
and environmental degradation. Ongoing technological improvements give rise to the path of
pollution in the lower panel.

History has not entirely proceeded along the lines of the open-access economy. Many
societies started to regulate the use of natural resources soon enough to prevent the doomsday
scenario that emerges in Figure 6.4.32 The pure laissez-faire economy has hardly existed
anywhere. This is not to say that environmental management always lead to the optimal
environmental policy, as was suggested in the previous subsection. Without spelling out a
detailed model of institutional change, we will argue that intervention in market economies is
likely to be imperfect because of coordination problems and transaction costs. It implies that
externalities that are present in the economy are only partly internalized. In the rest of this
section we will identify three externalities in our basic growth model, and will investigate
how the subsequent internalization of these externalities through appropriate environmental
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policy will affect environmental quality and living conditions in the long run, relative to the
optimal environmental policy (that by definition internalizes all externalities).

The first step in avoiding the undesirable consequences of open access is to define
property rights over natural resources. Once a single person or agency is responsible for (or
owns) a part of the environment, e.g. a forest, a lake or any other site, the robbery of the
environment that happens under open access stops. The resource-owner charges a price for
the use of services derived from the natural resource and excludes -- as far as possible -- users
that refuse to pay. To ensure a steady flow of revenues earned in this way, the resource-owner
has an incentive to keep the resource from deteriorating. In the model spelled out in section
6.1, producers are charged for the use of the environment. Implicitly, we have assumed that
the government holds the property rights for the entire environment. Firms pay a price J to
the government for the rival use of natural resources (they pay to discharge wastes on the site,
to fish in a certain lake, and so on). As a result, resource exploitation will be limited and
environmental quality can be maintained.

Let us now consider a decentralized economy in which there are many (symmetric)
environmental agencies, each managing a certain part of the environment. To fix ideas, let us
assume that there is a fixed amount of land which is split up in many sites, indexed i, each
managed by a separate agency. The sites serve as a landfill for firms. Any site can serve any
firm (which is consistent with our earlier assumption of a single natural resource), so that
there is a single price for resource use (J) and the market for pollution disposal is
competitive. Let us normalize total land size by 1, denote the environmental quality of site i
by Ni and the amount of pollution per unit of land that is dumped on site i by Pi, to be
distinguished from aggregate environmental quality N and pollution P. The quality of each
site evolves in a similar manner as aggregate environmental quality (cf. (6.7):

(6.32) , 0 < g < 1,

where we have now assumed that the absorption capacity of a certain part i of the
environment not only depends on aggregate environmental quality N, but also on its own state
Ni. Parameter g measures how important aggregate environmental quality is relative to own
environmental quality.

Resource-owners choose the amount of services they supply to firms, Pi. They take
into account that a larger supply degrades the resource they manage according to (6.32). Since
each resource-owner is small, she takes aggregate environmental quality and the market price
for resource use J as given. She maximizes the present value of revenues per unit of land:
 
(6.33) Ri = 0I4 J(t)APi(t) exp(!rt) dt

where r is the market rate of interest as before. The Hamiltonian associated with the resource-



     33 See the chapter by Tahvonen and Kuuluvainen for more details.
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owner's maximization problem reads (when we omit the time index):

(6.34) Hr = JAPi + 8iA[ gAE(N) + (1!g)AE(Ni) ! Pi ]

where 8i is the costate variable. The first order conditions read:

(6.35) MHr/MPi = J ! 8i = 0,
(6.36) MHr/MNi = 8i (1!g) ENi = 8i r ! .

Eliminating 8i gives the following condition

(6.37) 0J/J + (1!g)ENi = r, Hotelling rule

This is a version of the well-known Hotelling rule. It states that efficient exploitation of a
renewable resource requires that the rate of resource price increases plus the "own rate of
return" should equal the market rate of interest. If the left-hand side of the equation were
larger than the interest rate, the resource owner would prefer not to sell any resources today.
Rather, he would sell tomorrow, when he faces a larger amount (since the resource has
expanded at a rate (1!g)ENi) and/or a higher price, such that the gain from selling tomorrow
rather than today exceeds the amount that could be earned by investing the returns from
selling today at the market interest rate r. If the left-hand side were smaller than the interest
rate, selling today the maximal amount of resources and investing it against r would be
optimal. In equilibrium, equality must hold.33 

In a symmetric equilibrium, each resource owner chooses the same amount of
pollution per land area and the same level of quality arises, which implies Pi=P and Ni=N.
Combining (6.37) with (6.9) and (6.10), we find:

(6.38)

The first equality states that in the market the rate of return to capital (lhs) and the private rate
of return to investing in the resource (rhs) are equalized. By comparing this equation with
equation (6.29), which governs arbitrage between capital investment and resource investment
in the optimum, we see that the private rate of return differs from the social rate of return: in
(6.38) the third term of (6.29) does not show up and the private rather than the aggregate
marginal absorption capacity shows up. The reason is that the private resource-owner (the



     34 To avoid the externalities, there should be a single agency in charge of total environmental quality. A
(world) government could act as such.
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decentralized competitive environmental agency in charge of a site) ignores that own resource
exploitation affects aggregate environmental quality. Since the resource-owner controls only a
small part of the total environment, it takes aggregate environmental quality as given. This
gives rise to three separately distinguishable externalities. First, aggregate environmental
quality affects quality improvements on individual sites, see (6.32), but resource owners only
internalize the effects of own site quality on own site ecology (so that (1!g)EN enters (6.38)
instead of EN). This is the ecological externality, parametrized by g. Second, aggregate
environmental quality affects firms' productivity through non-rival services. Resource owners
have a negligible effect on aggregate environmental quality and therefore can not internalize
this effect (so that the parameter P does not enter (6.38)). It is the productivity externality,
parametrized by P. Third, resource-owners neglect their impact on amenity value of aggregate
environmental quality (so that the parameter N does not enter (6.38)). This is the
consumption externality.34

To find out the consequences of these externalities in general equilibrium, we have to
confront the producers’ decisions as summarized in (6.38) by household decisions.
Households maximize utility in (6.11) subject to their budget constraint

(6.39) rAA + wAL = C + ,

where A is the amount of financial assets households hold. The budget constraint states that
total income from asset holdings and wage income equals total consumption plus savings.
Also households take environmental quality as given. The Hamiltonian of the household
maximization problem reads

(6.40) Hh = (1!1/F)!1(CANN)1!1/F + 8hA[ rAA + w ! C ],

where 8h is the co-state variable (shadow price) associated to the budget constraint. The first
order conditions are:

(6.41) MHh/MC = C!1/F NN(1!1/F) ! 8h = 0,

(6.42) MHh/MA = 8hr = 08hh ! .

Eliminating the shadow price 8h by differentiating (6.41) with respect to time and substituting
the result into (6.42), we find:



     35 From (6.38), we have r=$Y/K!*. In the steady state, (6.43) implies r=h+g/F. Solving for Y/K gives
Y/K=[*+h+g/F]/$. In the steady state, gross investment equals savings according to (g+*)K=sY. Hence,
s=(g+*)/(Y/K)=(g+*)$/[*+h+g/F]/s*.
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(6.43) r = h + (1/F)A[ 0c/c + (1!F)N  ].

Note that this equation is the same as the optimal savings rule in (6.26), which implies that
for given rates of resource exploitation, savings behaviour is optimal, that is, there are no
externalities in savings behaviour.

Equations (6.38) and (6.43) represent the two sides of the capital market. On the
demand side, firms demand funds up to the point to which the return to physical capital and
natural capital equals the market rate of interest according to (6.38). On the supply side,
households supply funds (through saving) up to the point where the market rate of interest
exactly compensates for impatience and declines in marginal utility of consumption according
to (6.43). Capital market equilibrium follows from eliminating r from these equations. In the
steady state (in which  and  ), this yields:

(6.44) .

This is the counterpart of (6.30). It determines the long-run level of environmental quality in
the economy with decentralized environmental management, NDC, which differs from the
optimal long-run level because of the externalities discussed above. In Figure 6.5, both the
market level and the optimal level of environmental quality are determined by depicting the
left-hand and right-hand side of (6.44) by the solid lines and those of (6.30) by the broken
lines. The left-hand side of (6.44) is smaller in absolute value for any level of environmental
quality than the left-hand side of optimality condition (6.30) as long as there is an ecological
externality (g>0). The right-hand side of (6.44) is larger than that of (6.30) because of the
productivity externality (P>0) and the consumption externality (N>0). As a result,
environmental quality in the decentralized economy is lower than in the optimum (NDC<N*).
Also, for a wider range of parameters, no balanced growth path with a stable level of
environmental quality exists in the decentralised economy. Unsustainable development in the
decentralized economy is more likely since individual agents underinvest in environmental
quality. 

To compare long-run living standards in the decentralized economy and social
optimum, note that optimal and decentralized savings rates are equal,35 but that the level of
environmental quality is below the Golden Rule level (because the right-hand side of (6.44) is
positive under the assumption in (6.21), so that EN>0 and N<Nmsy<NGR). Nevertheless, if
optimal environmental quality is close to NGR, long-run living standards may be below their
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optimal level. This happens if the ecological externality is large (causing N to be small in the
decentralized economy) and the consumption externality is small (causing N* to be close to
NGR). Starting from this situation, a shift to optimal environmental policy is not in conflict
with higher long-run material standards of living. However, if society cares a lot about a clean
environment and as a result the consumption externality is large, long-run standards of living
are too high. The internalization of externalities then implies a fall in material welfare to
reach higher overall (intertemporal) welfare.

Figure 6.5 Decentralized environmental management
A large number of independent profit-maximizing environmental agencies is in charge of the
environment. They can charge the market price for the use of the environment, thus limiting
resource use and pollution, thereby protecting environmental quality. The situation is suboptimal
compared to the social optimum, which is depicted by the broken lines reproduced from Figure
6.3. Too low levels of environmental quality arise from the public good character of
environmental quality. Decentralized environmental agencies fail to internalize their impact
through aggregate environmental change on ecological services, non-rival productive services and
amenity values.



     36 This is a very simplified way of modeling technological progress. Mankiw, Romer and Weil (1992)
take the same approach. In more sophisticated models, technology development requires specific inputs, that is,
the final goods production sector in the economy is separated from the R&D sector of the economy. Moreover,
the literature on R&D-driven growth stresses that knowledge is different from physical capital since it is a non-
rival good: one idea can be non-rivalrously exploited by many producers. See Romer (1990), Grossman and
Helpman (1991), and Jones (1995) for R&D-based growth models that elaborate these two ideas.
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7. ENDOGENOUS TECHNOLOGY

7.1 Technology as man-made capital
Up to now we have assumed that technological progress occurs independently of what
happens in the economy or what happens to the environment. Technological progress is as
"manna from heaven", which is the usual assumption in neoclassical growth theory. However,
technological progress may stem from costly R&D projects and publicly financed research
projects deliberately aimed at developing new technologies. Technological progress can be
regarded in a way similar to capital accumulation: R&D outlays are the investment outlays
that increase the stock of knowledge. A larger knowledge stock has similar effects as a larger
stock of capital -- both increase output. Hence, technological progress becomes subject to
similar incentives as capital accumulation and thus technology becomes an endogenous
variable. It is along this line of reasoning that we explore the consequences of endogenous
technology in this section. 

Let us first assume that technology T is partly the result of R&D efforts, while the
remaining part depends, as before, on exogenous developments in science and engineering,
luck, and so on. We model this by making T a function of exogenous technoloy Tx and
"(re)producible knowledge" H:

(7.1) T = Tx
1!( H(, 0#(<1

Substituting this expression in the production function (6.3) we find:

(7.2) Y = NP L" K$ H((1!$) Tx
(1!()(1!$) PT.

Exogenous technology improves at a given rate:

(7.3) .

The stock of producible knowledge increases by devoting part of investment to R&D. Hence,
total investment has now to be split up between investment in capital and innvestment in
technology (that is, R&D outlays). Hence we replace (6.6) by:36



     37 This directly implies that the Golden rule of environmental policy remains the same as in (6.17) and the
Green golden rule as in (6.20) with $ replaced by $'. The Golden rates of savings become sK=$ and sH=((1!$),
so that the aggregate savings rate s=sK+sH equals $'.
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(7.4) ,

where we have assumed that physical capital depreciates at the same rate as knowledge
capital. 

7.2 Solowian growth
Let us again assume that the fraction spent on investment is constant. Since there are two
types of investment in man-made assets (physical capital and knowledge capital), two
investment rates are relevant. Hence, we write (cf. 6.11):

(7.5)  = sKY ! *K

(7.6)  = sHY ! *H

where sK (sH) is the investment rate in physical (knowledge) capital. We can now follow the
same procedure as in the previous section to calculate the growth rates of H and K. Because
of diminishing returns, the long-run growth rates of these stocks equals the exogenous rate of
technological change g. Hence, we solve 0H/H = sHY/H ! * = g and   = sKY/K ! * = g to
find the long-run ratios H/Tx and K/Tx. Substituting these ratios in the production function we
find the long-run standard of living:

(7.7) (Y/TxL)
4
 = [sKH/(g+*)]$'/(1!$') L!(1!"!$')/(1!$') [E(N

4
)T N

4

P]1/(1!$') 

where $' / $ + ((1!$) and sKH / ( sK
$AsH

((1!$) ) 1/($+((1!$)).

Note that this expression is the same as the expression without endogenous technological
change in (6.16) except that s is replaced by a weighted average of the two savings rates and
that $ is replaced by $'>$.37 Hence, the introduction of endogenous technological progress is
equivalent to an increase in the weight of man-made capital $. Intuitively, part of technology
now becomes man-made also, just like physical capital.

Two very important implications of endogenous technological progress can be derived
directly. First, the long-run effects of environmental policy become magnified as compared
with the case without endogenous technological progress. Second, the short-run costs of
environmental policy become also magnified. The first claim can be checked by inspecting
(7.7). Any change in N has larger effects whenever $' is larger. The second claim can be
checked as follows. Environmental policy requires a reduction in P, which reduces output Y,
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see (7.2). The fall in output hurts investment in both types of man-made capital (H and K),
see (7.5)-(7.6), and future stocks of capital will be smaller. The more important endogenous
technology is for the economy (that is, the larger ( and $'), the larger the effect of reduced
investment on future output. While in the case of exogenous technological change output is
reduced because of lower polluting input levels and reduced physical capital stocks, in a
world of endogenous technological change, environmental policy also hurts the accumulation
of new technology.

7.3 Optimal environmental policy
Now we know that endogenous technological progress is equivalent to an increase in $ in the
model without endogenous technological progress, we can easily explore the effects of
endogenous technology on optimal growth and optimal environmental policy. Condition
(6.28) characterizes optimal saving, where now we have to realize that the total savings rate
equals s=sK+sH. Condition (6.30) defines optimal environmental policy. An increase in $
increases the optimal savings rate s*, increases the right-hand side of (6.30) for any value of
N and shifts up the RR curve in Figure 6.3. Hence, optimal environmental quality falls. The
reason is that environmental policy is more costly as it crowds out not only physical capital
accumulation but also technology investment.
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8. LONG-RUN ENDOGENOUS GROWTH AND ENVIRONMENTAL POLICY

8.1 Growth in the medium and long run
The peculiar outcome of the models in the previous two sections is that the long-run growth
rate of output and consumption is exogenously determined by the rate of exogenous
technological progress g (see section 6, and equation (6.16) in particular). As we have seen,
the reason is that there are diminishing returns to man-made assets. No matter how much we
invest in man-made assets, their rate of growth will fall over time as long as technology
grows at a slower pace that man-made capital. Hence, increased investment efforts boost
growth in the economy in the short run only. We have, however, also seen in the previous
section that the larger is the share of man-made capital in production (e.g. because technology
is largely endogenous, that is, ( is large), the longer-lasting are the effects of environmental
policy. This applies to all other shocks to investment, for instance, a change in savings rates
also has longer-lasting effects. In other words, it may take a very long time before growth
rates are back at the long-run exogenous level. If we are mainly interested in what happens in
the long but not too long run, the long-run results of the neoclassical model of growth are not
very informative.

The table below summarizes the transitional impacts that arise in neoclassical growth
models driven by exogenous technological progress.

Table 8.1 
Growth effects of environmental policy in (non-endogenous) neoclassical growth models
1. On impact: pollution P falls; 

capital stocks K, H, N unchanged;
output Y falls.

2. Medium run: growth rates of K, H, N change; 
output growth changes.

3. Long run: diminishing returns start to dominate;
growth rates of K and H back to their old level; 
output growth back to g.

To analyse the medium-run impact of environmental policy, we now turn to a model
that does not feature the diminishing returns with respect to man-made capital which causes
long-run growth rates to fall back to the exogenous rate g. We assume that technological
progress is entirely driven by R&D and other forms of endogenous investment in knowledge
accumulation. Exogenous technological progress no longer plays a role. We therefore
consider a special case of the model of the previous section, viz. the case with (=1.
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Production can now be written as:

(8.1) Y = NP L" K$ H1!$ PT

The assumption (=1 implies that there are constant returns with respect to man-made capital
goods: if technology capital H and physical capital K increase by 1 per cent, also output
increases by 1 per cent. Intuitively, technological change opens up new investment
opportunities and a larger stock of physical capital provides the right scale of operation at
which new technologies can be succesfully developed. Technological investment and
investment in productive capacity reinforce each other such that diminishing returns are
offset. 

8.2 Endogenous growth with fixed savings rates
If the economy invest a fraction sK (sH) of output in physical (technology) capital, the growth
rates of K and H are:

(8.2)  = sKY/K ! * = sK B (K/H)$!1 ! *

(8.3)  = sHY/H ! * = sH B (K/H)$ ! *

where B/PTNPL". Subtracting these two equations, we can express the growth rate of the
capital knowledge ratio K/H as:

(8.4)  = [ sK ! sH (K/H) ] B (K/H)$!1.

This differential equation is stable. If K/H < sK/sH, the left-hand side is positive and K/H
increases over time. The opposite happens if K/H > sK/sH. Hence, in the long run, the capital
knowledge ratio converges to:

(8.5) (K/H)
4
 = sK/sH.

Substituting (8.5) into (8.2)-(8.3) we find the long-run growth rates of K and H. Since B is
constant in the long run, output Y also grows at this rate in the long run. Taking into account
that in the long run pollution equals absorption capacity P = E(N), we find:

(8.6) g
4
 = (sK

$ sH
1!$) L" E(N

4
)T N

4

P ! *

where g
4
 denotes the long-run growth rate of output. This expression clearly shows that the

long-run growth rate is endogenous and depends on environmental quality through two
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effects. First, changes in environmental quality determine long-run sustainable pollution
levels E(N

4
). Higher pollution levels allow for higher output levels which stimulates

investment and growth. Second, environmental quality directly affects productivity of the
economy (NP) so that for given savings rates investment is higher. Differentiating (8.6) with
respect to N, we see that long-run growth increases (falls) with environmental quality if:

(8.7) Mg
4
/MN

4
 > 0    if    ENN/E > !P/T

In other words, the growth rate is maximal if N = NGR (see section 6, equation (6.17) in
particular). Environmental policy stimulates both environmental quality and growth if
initially N < NGR. If inital environmental quality exceeds the golden level, there is a trade-off
between long-term growth and environmental quality.

8.3 Optimal endogenous growth
We now examine how much should be invested in man-made capital and in the environment
to maximize intertemporal welfare. The maximization problem is the same as in section 6.3,
with the only difference that T = H is now an endogenous variable. The first order conditions
(6.22)-(6.25) have to be supplemented by the condition for optimal knowledge capital
accumulation which reads:

(8.8) MHo/MH = :(1!$)Y/H ! :* = :h ! 0:.

Combining (6.24) and (8.8) we find that $Y/K should equal (1!$)Y/H in the optimum.
Intuitively, each dollar of investment should yield the same return, so that the rate of return on
physical capital investment should equal the return to investment in new technologies. The
implied optimal capital knowledge ratio is given by:

(8.9) (K/H)* = $/(1!$)

Multiplying the production function (8.1) by $/K or by (1!$)/H and substituting (8.9), we
can express the marginal return to man-made capital as

(8.10) $Y/K = (1!$)Y/H = $$ (1!$)1!$ L" PT NP 

Because of the assumption of constant returns with respect to man-made capital, the rate of
return does not fall with the level of any of the stocks of man-made capital. 

In the long run, pollution matches absorption capacity, P = E(N), so that the above
expression boils down to
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(8.11) $(Y/K)
4
 = $$ (1!$)1!$ L" E(N

4
)T N

4

P / rM
4

where rM denotes the rate of return on man-made assets. Again, this rate of return depends on
environmental variables. First, if the economy is allowed to pollute more, productivity of
man-made capital is higher since capital can be run with more polluting inputs, see the term
E(N

4
)T in (8.11). Second, higher environmental quality directly contributes to the productivity

of capital because it affects total factor productivity, see the term NP in (8.11). 
The long-run rate of return rM depends on N in a similar way as (Y/TL)

4
 depends on N

in the exogenous growth model in section 6 (see Figure 6.2): r
4

M increases (decreases) with
N
4
 if N < (>) NGR, where NGR solves (6.17). The long-run rate of return increases with

environmental quality if environmental quality is low (N < NGR), since higher levels of
environmental quality permit higher sustainable levels of pollution and since environmental
quality boosts total factor productivity. However, if environmental quality is already high (N
> NGR), improving the environment further requires substantial reductions in pollution levels
and implies only modest direct productivity gains so that on balance the long-run productivity
of man-made assets falls.

Changes in the rate of return directly affect the incentives to invest and grow.
Substituting $Y/K = rM from (8.11) into optimality condition (6.26), setting  equal to
zero and denoting the long-run growth rate of consumption and output by g

4
, we find the

relation between the long-run growth rate and the rate of return.

(8.12) g
4
* = F ( r

4

M ! * ! h)

The expression shows that the growth rate is affected by environmental variables to the extent
that the rate of return is affected so. The upper panel of Figure 8.1 depicts the long-run
growth rate as well as the rate of return as a function of environmental quality. Again we see
that a "win-win" situation is possible in which improvement of the environment and an
increase in economic growth go together in the long run. In particular, this situation arises if
N < NGR. Intuitively, when society invests in the environment it invests at the same time in
enhancing productivity of the economy, since the environment provides productive inputs (P)
and it is directly productive. As long as a better environment makes economic capacity (that
is, man-made capital and labour inputs) more productive, economic growth is stimulated.
However, for high levels of environmental quality, further environmental improvements
come at the cost of the economy's productivity. Investment in the environment then requires
taking away some of the productive resources that flow from the environment to the economy
and to use these natural resources for improvements in the environment.



56

Figure 8.1 Optimal endogenous growth and environmental quality
Due to the absence of diminishing returns with respect to man-made capital, the long-run rate of
growth depends on environmental quality. In the upper panel, the rM curve shows how
environmental quality affect the rate of return to investment in man-made capital. The g curve has
a similar shape, expressing that a high rate of return stimulates investment. In the lower panel, the
optimal level of environmental quality is determined by the equality of the rate of return to
investment in man-made capital and that in environmental assets, corresponding to the point of
intersection between the rM and rN curve. These curves correspond to the right-hand sides of

equations (8.11) and (8.13), respectively.  

In the long run, optimal environmental policy is determined by condition (6.29),
where now the marginal product of capital equals rM, the growth rate of TY/P is given by g

4
,

while as before C/Y/1!s and P=E(N), so that we may rewrite the condition as: 

(8.13)

As before, the right-hand side of (8.13) can be interpreted as the long-run rate of return to
investment in environmental quality, to be denoted by rN. Condition (8.13) states that
investment in the environment is optimal if its return equals the opportunity cost which is the



     38 In the steady state we have: s = ( +*K+ +*H)/Y = (g+*)(K+H)/Y = (g+*)[1+(1!$)/$]K/Y.

     39 To figure out the shape of the rN curve derived from the right-hand side of (8.13), note that this
expression consists of three terms: first, the long-run growth rate which is hump-shaped in N (see the rM curve),
second, EN which is declining in N (and becomes negative for large enough N, see section 3), third, a term in E/N
which is also declining in N (and is always positive). 
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net rate of return to investment in man-made assets. The right-hand side can be written as a
function of N by substituting (8.11), (8.12) and38

(8.14) s = (g+*)/($Y/K).

The lower panel of Figure 8.1 depicts the right-hand side of (8.13), that is the rate of return on
natural capital, as the rN curve.39 The panel also depicts the rate of return to man-made assets,
see the rM curve. Since in the optimum the rates of return on all types of investment should be
equal, the point of intersection between the rN and rN curve determines the optimal level of
environmental quality N*. Once N* is determined in the lower panel, the optimal long-run
growth rate g* can be determined in the upper panel.

What makes this model interesting compared with the models with exogenous
technological change, is that the long-run growth rate is no longer an exogenous parameter,
but depends on technology parameters, preference parameters, and environmental parameters
(the parameters of the regeneration function). This allows us to revisit the issue of desirable
growth. Suppose that the rate of impatience h becomes large (similar results apply if the rate
of intertemporal substitution becomes small). A more impatient economy tends to grow at a
slower pace, see (8.12), as is expressed by a downward shift of the g curve in the upper panel
of Figure 8. As a result, a larger part of the curve implies negative growth rates, that is,
economic growth becomes undesirable for a wider range of environmental quality levels.
Whether an impatient society actually wants to stop growing depends on the level of
environmental quality is desires. Indeed, if it prefers either relatively low or relatively high
levels of environmental quality, growth becomes undesirable (see the g curve in the figure). A
very environmentally minded society (with high N) will choose a high level of environmental
quality (a high value for N implies that the rN curve in the lower panel of Figure 8.1 is
situated far to the right). Hence a green, but impatient society optimally gives up growth in
exchange for a clean environment. Intuitively, impatience implies a low willingness to invest,
but environmental quality requires investment. By reducing overall investment but devoting
most of it to investment in environmental amenities, thus forgoing output growth, society can
reconcile the two conflicting goals. An impatient economy with small preference for
environmental amenities (h large, N small) also finds growth undesirable. This society not
only gives up investment in the economy but also investment in environmental amenities.
Only an impatient society with moderate preferences for environmental amenities desires to
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grow. On the one hand it opts for low investment rates because of its impatience, on the other
hand, it invests (moderately) in environmental quality to enhance amenities, thereby offsetting
reduced investment because of impatience and boosting long-run productivity of the
economy. 

8.4 Endogenous growth in the decentralized economy
Only a "benevolent dictator" that optimally determines pollution levels can guide the
economy towards the social optimum analysed in the previous subsection. If instead the
economy is decentralized, with many separate environmental agencies (or with many national
governments in a world economy and global environment), market imperfections will cause
deviations from optimal growth and environmental quality. The incentives to protect the
environment are lower in the decentralized economy because of the public good character of
the environment, as explained in section 6.5. Figure 8.2 illustrates this for the case of
endogenous growth. Externalities and impaired investment incentives are reflected in a rate of
return to environmental capital that is lower in the decentralized economy (solid rN curve)
than in the centralized economy (broken rN curve).

A second type of externalities is likely to arise in economies with endogenous
technological change. Technology has in many respects a public good character. First of all,
technology and knowledge (or ideas) are a non-rival good. One idea can be used by many
users. Second, it is difficult to establish a market for technology through which returns to
innovation can be appropriated. Whenever a firm has developed a new technology, it may
write it down and try to sell the "blueprint" to other potential users of the technology.
However, a well-functioning market requires -- among other things -- well-informed buyers.
In product markets, buyers need to be informed about the characteristics of the goods
supplied, that is, they must have knowledge of the products before they buy the product. In
markets for technology, however, the sellers of technology cannot fully inform potential
buyers. Once the information is transmitted, the potential buyer no longer wants to pay for the
blueprints that are for sale, since a blueprint is nothing more than the knowledge itself in
codified form. So we end up with technology markets in which either buyers have problems
in assessing the value of new technolgies, or investors are not (fully) rewarded because
potential buyers learn about technology without paying for it. In both cases the market
equilibrium will generate suboptimally low levels of technology investment. In practice,
patent protection mitigates some of the problems but full intellectual property right protection
proves to be impossible. As a result, appropriability of technological knowledge is imperfect
and so-called technology spillovers cause knowledge to "leak" from investors to users without
compensation for the former. Appropriability problems cause rate of return to innovation to
be too low.

Figure 8.2 reflects the low innovation incentives by depicting a rate of return to man-
made capital (including technology capital H) that is lower in the decentralized economy than
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in the centralized economy. A complex interaction between environmental and technology
externalities arises. First, environmental externalities tend to reduce long-run environmental
quality (as in section 6.5). The larger the ecological externality, the smaller both
environmental quality and long-run growth in the decentralized economy. The long-run rate
of growth may be either below or above the optimal one, depending on how close optimal
environmental quality is to NGR. 

Figure 8.2 Decentralized economy
The solid lined represent the decentralized economy, the broken lines are reproduced from Figure
8.1 and represent the social optimum (centralized economy). The public good character of the
environment causes rates of return to environmental capital (rN curve) to be lower in the
decentralized economy, while the public good character of technology reduces the rate of return to
man-made capital (rM) in the decentralized economy.

Second, technology externalities tend to reduce returns to investment in man-made
assets and the rate of growth in the long-run. Whether growth is suboptimally low depends
again on specific parameters. Somewhat paradoxically, technological externalities may move
growth rates closer to their optimal levels. For example, if society care a lot about a clean
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environment, the optimal growth rate may be rather low (see previous section). However, the
amenity value of the environment is not internalized in a decentralized economy and results
in growth rates that are too high. Negative technological externalities may mitigate this since
they give rise to lower growth rates and higher environmental quality levels. The intuition
behind the latter is that the rate of return to man-made assets is reduced which implies a lower
opportunity cost for investment in the environment. 

It is, however, not necessarily desirable to have growth rates closer to their optimal
level when other variables are still suboptimal. Welfare (appropriately defined) should be the
single criterion to assess economic outcomes. The social optimum with maximized welfare is
reached only if all externalities are internalized. This requires a government that determines
pollution levels and innovation strategies, or that introduces a well-thought-out system of
subsidies to environmental protection as well as to research and development.
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9. CONCLUSIONS

This chapter has combined neoclassical growth theory and renewable resource theory to study
the interaction between economic growth and environmental change. We conclude by
summarizing some of the main conclusions. 

A first insight from our theoretical excercises concerns the sources of growth. The
environment provides inputs and services that are indispensable to support production
activities, but the environment cannot contribute positively to growth in the long run. Our
basic assumption has been that accumulation of environmental capital is restricted by
biophysical laws, implying that it is limited and subject to diminishing returns. As a result,
continuous economic growth can only be driven by other types of capital accumulation. Any
strategy of growth based on resource depletion must come to a halt unless it is accompanied
by investment in man-made assets like physical, human, organizational, and institutional
capital. Neoclassical theory assumes that diminishing returns apply to the accumulation of
physical capital as well. Sustained growth requires technological change. Economic growth is
ultimately driven by knowledge accumulation, which may fuel accumulation of various kinds
of man-made productive assets. We have studied both exogenous and endogenous
(accumulation-driven) technological change. Growth can only be sustained indefinitely if
technological change is unbounded. Although it is impossible to assess whether this condition
applies in the real world, there are no compelling reasons to think that knowledge has a limit. 

Another condition for unbounded growth is that natural inputs (which are
fundamentally limited) and man-made inputs (mainly knowledge) are good enough
substitutes. Also with respect to this condition, theory cannot give definite answers, but it
seems that in the long run this condition can be satisfied. A drying-up of human creativity and
poor substitutability are lethal conditions in environmental growth models. New ideas and
technological solutions that come as manna from heaven and make nature inessential would
be an easy road to bliss. Reality is probably somewhere in between: limited substitutability
and costly, time-consuming knowledge and capital accumulation constrain growth without
necessarily limiting growth.

A second set of insights regards desirability of economic growth. Society's
preferences determine whether it is optimal to support a positive growth rate and non-
declining environmental quality, given that growth is feasible. Patience, that is, low
discounting, makes (high rates of) growth as well as conservation of (large parts of) the
environment desirable. Optimal growth also increases with the willingness to suffer short-run
costs in exchange for long-run gains (that is, high intertemporal substitution or flexibility) and
concern for environmental quality as a direct source of happiness (which we called
"greennness"). Our formal analysis has made these arguments more precise. Impatience,
flexibility, and greenness interact. An impatient economy tends to invest few resources for
future well-being, but if it cares a lot about a clean environment, it may still end up with a
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high stock of environmental capital and high levels of utility (see section 6.4). 
The last part of the chapter is devoted to the long-run effects of environmental policy

on GDP and economic growth. By environmental policy we mean interventions that
deliberately increase long-run environmental quality. With diminishing returns to the
accumulation of man-made capital, environmental policy affects growth in the short run, but
only GDP levels are affected in the long run. With endogenous technology such that constant
returns to man-made capital apply, long-run growth rates, too, depend on environmental
quality. In the latter case, economic growth is endogenous (see section 8). Endogenous
growth models can be usefully applied to study the medium-term effects of environmental
policy, that is, their outcomes come close to the transitional dynamics of neoclassical growth
models with diminishing returns (see section 7).

Environmental policy has three main effects on long-run output, consumption, utility
and endogenous growth rates. First, environmental improvements change nature's capacity to
absorb pollution and grow resources. Starting from a seriously damaged environment,
environmental improvement leaves room for higher sustainable pollution levels and rates of
resource extraction. This favours production possibilities, thus stimulating material standards
of living, welfare, and growth. Starting from a relatively clean environment, however,
maintaining environmental quality on higher levels requires lower pollution levels and less
resource extraction. The opposite effect on material production, growth and welfare then
results. The level of environmental quality that yields the highest material productive services
is the maximum-sustainable-yield level of environmental quality.

Second, environmental improvements increase total factor productivity levels by
reducing workers' sickness, reducing wear and tear of machines and buildings, or improving
soil fertility. This stimulates GDP and welfare as well. The level of environmental quality for
which productivity of man-made capital is maximized is the golden-rule level, which is in
general larger than the maximum-sustainable-yield level. Since beyond the maximum-
sustainable-yield level of environmental quality sustainable pollution levels fall, but total
factor productivity increases if the environment improves, the relationship between
productivity and environmental quality is inverted-U-shaped, upward-sloping when the total
factor productivity improvements dominate, downward-sloping when lower pollution levels
dominate. Starting from the top, that is, from the golden-rule level, any change in
environmental quality lowers material standards of living (it lowers growth in an endogenous
growth setting). This underlines our insight that the effect of environmental policy on GDP
and growth is ambiguous and depends on the initial level of environmental quality.

Finally, higher environmental quality contributes directly to welfare because of the
amenity values associated with environmental quality. To maximize long-run welfare levels,
it is optimal to give up some material productivity by investing in a level of environmental
quality beyond the golden-rule level, in exchange for higher amenity values. The resulting
level of environmental quality for which long-run productivity losses are traded off against
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long-run amenity values is called the green-golden-stock level. Endogenous growth rates at
this level are lower than maximally feasible. 

Environmental improvement requires reductions in pollution levels in the short run. In
general, it is therefore not optimal to aim at the green-golden-rule level of environmental
policy, but to trade off short-run costs and long-run gains. This trade-off determines the
optimal level of environmental quality.

Decentralized economies suffer from externalities that prevent investment levels from
being at their optimal level. Since environmental quality acts as a public good, there are
insufficient private investment incentives to conserve environmental quality. The resulting
GDP levels (or endogenous growth rates) may be higher or lower than in the optimum, since
the relationship between environmental quality and GDP (or endogenous growth in the
constant return case) is hump-shaped. It implies that environmental policies that aim at the
internalisation of environmental externalities may indeed either increase or reduce economic
growth. 
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