
ARTICLE IN PRESS
0095-0696/$ - se

doi:10.1016/j.je

�Correspond
E-mail addr
Journal of Environmental Economics and Management 53 (2007) 307–322

www.elsevier.com/locate/jeem
Structural change and sustainable development
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Abstract

In this paper, we show that the commonly observed decline in primary (natural resource using) sector output and

employment shares, often termed structural change, can be explained as an endogenous response to the presence of

nature’s constraint. Structural change takes place even if consumer preferences are homothetic, and technological progress

does not discriminate against the primary sector. Under certain conditions, structural change allows an open economy to

grow with natural resource sustainability. Sustained and environmentally sustainable economic growth is possible even if

the natural resource is exploited under open access. Well-defined property rights are neither necessary, nor sufficient for

sustainable growth. We show that there is no unique relationship between natural resource endowment and the rate of

economic growth over the long run. Resource-rich economies may grow faster or slower than resource-poor ones.

r 2007 Elsevier Inc. All rights reserved.

Keywords: Sustainable development; Structural change; Endogenous growth; Natural resources
1. Introduction

While some economists remain concerned that continuous growth places unsustainable demands on the
natural resources, others believe that improving technology makes growth and environmental sustainability
compatible. In this paper we revisit this issue and ask three questions. First, given a distortion-free economy
that uses a renewable natural resource as factor of production, what makes sustainable growth possible?
Second, if the natural resource is characterized by ill-defined property rights, a pervasive feature in many
countries [11], is sustainable growth still possible? Third, is the long-run rate of economic growth affected by
ill-defined property rights?

We consider a small open economy which uses three assets to produce two final goods, one resource based
and the other produced without using the resource. One asset is specific to the non-resource sector (‘‘physical
capital’’), another is specific to the resource-based sector (natural capital) and the third asset (‘‘human or
knowledge capital’’) enhances the productivity of labor in both sectors. We present an intuitive but novel
explanation for sustainable growth: endogenous structural change. Structural change refers to a reduction of
e front matter r 2007 Elsevier Inc. All rights reserved.
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output and employment shares of the primary or natural resource sector during the growth process, a widely
accepted stylized fact of the modern growth process [13,24,26].

First we derive the conditions for sustainable development when property rights are well-defined on all
assets including the natural resource, and markets are competitive using the ‘‘benevolent social planner’’
paradigm. Next we consider the case where the natural resource is subject to ill-defined property rights but
property rights are well defined for the other two assets and markets are competitive. In both cases the model
predicts a decreasing share of the primary (resource-based) sector’s output in total output, a decreasing share
of the total labor force employed in the primary sector, and unbalanced asset accumulation causing a
continuous change in the composition of factors of production toward those most intensively used by the non-
primary sectors. The model thus predicts a broader version of structural change than usual. We also find that
labor productivity grows in both the resource and non-resources sectors. These predictions seem consistent
with well accepted stylized facts.1

We also show that property rights on the natural resource are neither necessary nor sufficient for sustainable
economic growth. Lack of property rights cause a lower equilibrium level of the natural resource (and a lower
welfare level at each point in time) but their absence threatens neither the feasibility nor the actual rate of
economic growth over the long run. That is, the equilibrium rate of economic growth is unrelated to the level
of natural resource endowment; resource-rich countries may not grow any faster over the long run than
resource-poor ones.

Intuitively, structural change is an endogenous response to the nature’s constraint which implies that the
natural resource remains constant over the long run. Even if technical change has identical impacts across
sectors, growth in the productivity of man-made assets in the primary sector cannot match the growth in
productivity in the non-resource sector where all assets continuously expand over time. This implies that the
non-resource sector is able to continuously pull labor from the primary sector and to grow faster than the
primary sector. Under open access, there is no investment in the natural asset, and the natural resource is over-
harvested. However, despite these problems, labor market interactions preserve structural change and the level
of the natural resource also remains constant over the long run, albeit at a lower level than under perfect
property rights. Given well functioning markets elsewhere, increases in man-made capital still imply a
divergence of productivity growth across the two sectors. To maintain equilibrium in the labor market, labor
is drawn towards the non-resource sector.

The result that optimal environmental policy is not necessary for sustainable growth is in sharp contrast
with the findings by the literature focusing on pollution rather than renewable natural resources, in which
optimal environmental policy is a necessary condition for sustainable growth [1,38]. The reason is that this
literature assumes that pollution only affects the utility function but it has no feed-back (negative) effects on
the productivity of the production sector. Thus, in the absence of environmental policy that imposes a cost to
pollution emissions, firms have no incentives to restrain emissions; sustainable growth is, therefore, infeasible.
By contrast, when the environment is also a factor of production, as the natural resource becomes scarcer
firms have an incentive to substitute and to shift toward non-resource using sectors.

The literature on sustainable growth is, with a few exceptions, based on models with a single final good
where the growth of income and environmental damage derive from the same sector.2 Often this implies that
sustained and environmentally sustainable growth is possible only after making special assumptions. Smulders
and Gradus [36] assume a unitary elasticity of substitution between pollution and physical capital in
production and that abatement expenditures are relatively more effective in reducing pollution than increases
in pollution from growth.3 Similarly, Huang and Cai [23] assume the presence of government spending
externalities on pollution control, and Schou [34] posits human capital externalities as sources of sustainable
growth.
1See, for example, Parry [32] for empirical evidence regarding the latter prediction.
2See [10,35] for excellent surveys.
3Similar to [36] we assume a unitary elasticity of substitution between natural and physical capital, however, we do not assume that

investment in natural capital (equivalent to pollution abatement) is more effective in expanding the natural resource than harvest (or

pollution) is in reducing such resource.
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Stokey [38] proposes exogenous technical change as the reason for sustained and environmentally
sustainable growth. Aghion and Howitt [1] show that sustainable growth is possible without exogenous
technical change, or exogenously imposed externalities. However, they remain concerned with the assumption
that the elasticity of marginal utility of consumption has to be greater than one (or that utility is highly
concave), which is necessary in both Stokey’s and Aghion and Howitt’s models to attain sustainable
growth.4 This assumption ensures that individuals are willing to make the required sacrifices in consumption
needed for sustainability. The fact that we focus on natural resources as a factor of production means that in
sharp contrast with their analyses, we neither need optimal environmental policy nor to impose the
assumption of a greater than unitary elasticity of the marginal utility as necessary conditions for sustainable
development.5

A recent paper by Eliasson and Turnovsky [19] is concerned with sustainable and endogenous growth in a
two-sector small open economy with renewable natural resources as a factor of production. Our paper differs
from Eliasson and Turnovsky in several respects. Firstly, we do not rely on capital accumulation externalities
as they do to induce productivity growth. Productivity in our model grows due to endogenous increases
in human or knowledge capital. Secondly, while there is structural change in their model, it is limited
to changes in the composition of the value of output. There is no structural change in the composition of
inputs employed. More importantly, structural change in their model is the result of the assumption that
productivity grows only in the non-resource industry (due to the presence of an externality) while any
productivity growth in the resource sector is a priori ruled out. In contrast, in our model structural change is
an endogenous response brought about due to an unbalanced growth in assets and labor market interactions
despite that labor-augmenting technical change takes place at the same rate in both the resource and non-
resource sectors.

McAusland [30] also relies on learning-by-doing externalities to generate economic growth in a model with
two factors of production. Further, she focuses exclusively on the case of open access, and then studies the
possibility of sustainable growth in both a closed and open economy. In contrast, we consider the open
economy case, but study sustainable growth under well-defined property rights, and under ill-defined property
rights or open access.

The present paper is also related to the literature explaining structural change. In this literature structural
change is the result of non-homothetic preferences [18,24,27] or of imbalanced technical change [4,5]. As
consumers place a higher value on certain types of goods on becoming wealthier, the economy changes its
demand toward non-resource goods. Also, if technical change is sector biased toward the non-resource sector
structural change will take place. By contrast, we show that structural change is likely to take place even if
preferences are homothetic and technical change is balanced. Given a constraint on the size of the natural
asset, a relatively well functioning economy adjusts assets, and subsequently outputs, biasing growth towards
the non-resource sector.

The paper is organized as follows. Section 2 presents the model, Section 3 defines and characterizes the long-
run equilibrium, Section 4 examines the consequences of the absence of an optimal environmental policy, and
Section 5 concludes.
2. The model

Consider a small open economy with a representative agent consuming two final goods. One of the goods,
the clean one, has no impact on the environment, while production of the dirty good, representing all natural
resource-intensive sectors of the economy, harms the environment. There are three assets, human or
knowledge capital, natural capital, and physical capital.
4‘‘It appears that unlimited growth can indeed be sustained, but it is not guaranteed by the usual sorts of assumptions that are made in

endogenous growth theory’’ [1, p. 162].
5Intuitively, conditions sufficient for sustainable growth in the absence of utility benefits are also likely to be sufficient for sustainable

growth when the resource produces utility in addition to output. If maintaining a stable stock of natural resources while preventing

extinction is possible with only benefits in output, it is also likely to be possible when consumers in addition directly value natural

resources.
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2.1. Consumption

Let xc denote consumption of the clean good and xd the consumption of the dirty good. Preferences of the
representative consumer are given by

Uðxc;xdÞ ¼
�

�� 1
½xx

cx
c
d �
ð��1Þ=�, (1)

where e40 is a fixed parameter representing the elasticity of inter-temporal substitution or the reciprocal of
the elasticity of marginal utility, and x+c ¼ 1.
2.2. Production and labor market clearing

Production in the clean sector uses raw labor (lc), labor augmenting knowledge or human capital (hX1), and
sector-specific non-human or ‘‘physical’’ capital (k). The production function is

yc ¼ F ðk; hlcÞ, (2)

where F( � ) is concave, increasing and homogenous of degree one in k and hlc, and satisfies the Inada conditions

(as an input approaches zero its marginal product tends to infinity).
Production of the dirty (or resource dependent) good uses raw labor (ld) and the stock of natural capital (n)

as inputs. This sector also benefits of labor-augmenting technical change, h. The production function for the
dirty good is

yd ¼ nhld. (3)

This function is the standard specification for production based on natural resources first introduced by
Gordon [21] and Schaefer [33] for fisheries who argued that the law of diminishing returns was not appropriate
in this case. Since then this specification has been widely used in modeling natural resources [8,9,15,31].
A convenient interpretation of Eq. (3) is yd ¼ ½fhld þ ð1� fÞhld�n, where fnhld is the resource harvest, and
(1�f)nhld is processing value-added. We assume that producing one unit of the dirty good reduces the natural
capital by less than one unit, 0ofo1.

The labor market is perfectly competitive. Labor market clearing requires the sum of labor employed in the
dirty and clean sectors to equal the total labor supply (L̄), lc þ ld ¼ L̄.
2.3. Asset accumulation

Let Ij denote investment in each of the assets jA{h, n, k}. Growth in labor augmenting human (knowledge)
capital is given by

_h ¼ Ih � dhh, (4)

where dh is the rate of depreciation of h and IhX0. The rate of depreciation of knowledge can be interpreted as
the proportion of annual retirements from the workforce. The non-negativity constraint for Ih is quite natural,
indicating that labor-augmenting knowledge can be expanded but not reduced except through natural
depreciation over time.

Let g(n) be the intrinsic growth function of the renewable natural resource. The function has an inverted U
shape with gð0Þ ¼ gðn̄Þ ¼ 0, where n̄ is the ‘carrying capacity’ of the natural resource. The carrying capacity of
a natural resource is the maximum stock that can be sustained in its natural surroundings.6 The function is
assumed to be concave.7

Let In denote investment in natural capital, such as tree planting, fish replenishment including aquaculture
investments, protection or cleaning-up of ecosystems, soil protection including terracing, drainage, and
6If there is no extraction, the stock of natural resource stabilizes at its carrying capacity (see [15], for other examples of such a growth

function).
7For example a logistic growth function where gðnÞ ¼ gnð1� n=n̄Þ with g being the maximum or intrinsic growth rate of the stock.
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agricultural fallowing. Evolution over time of the natural resource stock is

_n ¼ gðnÞ þ In � fnhld if n̄XnX0. (5)

Growth of the natural resource comprises its natural capacity to regenerate (g(n)), investment in expanding
natural capital (In), and the reduction of natural capital from production of the dirty good (fnhld).

8 We
assume that InX0, efforts will not be spent in reducing the stock of the natural resource except through its
more intense extraction. Also, investment cannot maintain the natural resource beyond its carrying capacity.
Investment can substitute for natural regeneration only if the natural resource is within its natural bounds.
This reflects the fact that a natural resource involves constraints outside human control. If investment in the
natural resource could maintain the stock beyond its natural carrying capacity, a natural resource would be no
different from other forms of man-made capital.

The stock of physical capital k grows according to the following equation:

_k ¼ Ik � dkk, (6)

where dk is the rate of depreciation of k and IkX0 is the investment in physical capital.

2.4. The social planner’s problem

The social planner maximizes the present value of utility for the representative consumer by optimally
investing in human, natural and physical capital. The social planner can be interpreted as a benign dictator
who sets all variables to optimal levels conditional on exogenous variables. Alternatively, the planner’s
solution can be considered as the outcome of an economy where all markets function competitively with
perfectly defined property rights for all assets.9

The social planner’s maximization problem is

V � max
xc;xd;lc;Ih;In;Ik

Z 1
0

UðxcðtÞ;xdðtÞÞ exp
�rt dt, (7)

where t denotes time and r is the social discount rate. Maximization of utility is subject to the following set of
constraints: all capital growth Eqs. (4)–(6), initial conditions for capital stocks, (h(0) ¼ h00, n(0) ¼ n00, and
k(0) ¼ k00), non negativity constraints xc(t)X0, xd(t)X0, Ih(t)X0, In(t)X0, and Ik(t)X0, labor constraint
0plcpL̄, and the budget constraint or current account equilibrium,

xc þ pxd þ Ih þ In þ Ikppnh½L̄� lc� þ F ðk; hlcÞ. (8)

The relative price of the dirty good is p and the price of the clean good has been normalized to one. In a
small and open economy p is exogenously given. The budget constraint requires that total consumption and
investment expenditures should be no greater than society’s total income.10 If the budget constraint holds with
equality (which occurs given our maximization assumption), it necessarily implies balanced trade and vice
versa [17].

Let l be the Lagrangian multiplier associated with the budget constraint, and m, Z and O be the co-state
variables associated with human, natural, and physical capital, respectively. The solution to the problem in
Eq. (7) is found by maximizing a current value Hamiltonian,

H ¼ Uðxc; xdÞ þ l½F ðk; hlcÞ þ pnhðL̄� lcÞ � xc � pxd � Ih � Ik � In�

þ m½Ih � dhh� þ O½Ik � dkk� þ Z½In þ gðnÞ � fnhðL̄� lcÞ�, ð9Þ
8Expression (5) can be generalized to allow for a non-linear effect of In on the growth of the stock, n: _n ¼ gðnÞ þmðInÞ � fnhld, where

m(In) is an increasing and strictly concave function. This specification is more satisfactory because it allows the effectiveness of investment

in natural resource conservation to fall as such investment increases. However, the main results are not affected when we assume that m(In)

is linear instead (a proof can be requested from the authors). Thus, for expositional clarity we retain the linear specification for (5) the text.
9This equivalence has its roots in the first and second fundamental theorems of welfare economics (see [2] and the references included

therein).
10We assume that the clean good is used for investment (this is reflected in Eq. (8), where investments in assets are priced at unity). Note,

however, that this does not imply that all revenues from the resource good are consumed. Such revenues can be used to import investment

goods.
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where H is defined under the assumption that the natural resource is within its natural bounds n 2 ð0; n̄Þ. Later
in Proposition 3 we present the conditions that ensure the equilibrium outcome satisfies the natural bounds.

The first-order conditions with respect to the two consumption goods are,

xðxx
cx

c
d Þ
½ð��1Þ=���1

ðxx�1
c x

c
d Þ ¼ l, (10)

cðxx
cx

c
d Þ
½ð��1Þ=���1

ðxx
cx

c�1
d Þ ¼ lp. (11)

Using (10) and (11) it follows that at the optimum xc and xd are consumed in fixed proportion for a given
level of p, and thus we can represent the consumption optimality condition in terms of the marginal utility of
xc only:

x
c
xp

� �cð��1Þ=�

x�1=�c ¼ l. (12)

Since xc and xd are proportional for given p, we have that the rate of growth of U is entirely determined by
the rate of growth of xc.

The Kuhn–Tucker first-order conditions with respect to investment in human, physical and natural capital
are:

�lþ mp0; Ih½�lþ m� ¼ 0; IhX0, (13)

�lþ Op0; Ik½�lþ O� ¼ 0; IkX0 (14)

and

�lþ Zp0; In½�lþ Z� ¼ 0; InX0. (15)

The condition for the optimal allocation of labor between the two sectors is

l½F 2ð�Þh� pnh� þ Zfnh ¼ 0, (16)

where F2ðk; hlcÞ � qF=qhlc. Conditions (10) and (11) imply that the marginal values of consumption should
equal the shadow value of income, l (which is positive given positive marginal utilities). Kuhn–Tucker
conditions (13)–(15) indicate that positive investment in any of the assets must imply that the shadow value of
such asset is equal to the shadow value of income or consumption. If an asset’s shadow value is below the
shadow value of income there will be zero investment in such an asset. These conditions also imply that the
assets’ shadow value can be no greater than the marginal value of consumption, l. If any of the assets shadow
value is above l it is optimal to instantaneously reduce consumption enough so that l increases to the level of
the asset shadow value and thus allow for additional savings to increase investment in such asset. A sufficient
increase of the marginal utility of consumption to achieve this is always possible given that the Cobb–Douglas
utility function satisfies the Inada conditions.

Condition (16) reflects efficiency in the labor market. At each point in time (whether in long-run equilibrium
or not), the value of the marginal product of labor in the clean sector, lF2( � )h, should equal the value of the
marginal product of labor in the dirty sector, (lpnh) net of the marginal resource degradation caused by labor
in the resource sector, (Zfnh). The co-state variable dynamics for the three assets are,

_m ¼ ðrþ dhÞm� lðF 2ð�Þlc þ pnðL̄� lcÞÞ þ ZfnðL̄� lcÞ, (17)

_O ¼ ðrþ dkÞO� lF1ð�Þ, (18)

_Z ¼ ðr� gnÞZ� h½L̄� lc�ðlp� ZfÞ. (19)

Finally the transversality conditions for this model are

lim
t!1

e�rtmh ¼ 0; lim
t!1

e�rtOk ¼ 0; lim
t!1

e�rtZn ¼ 0. (20)

Below we focus on a characterization of one type of long run equilibrium which is most relevant to the
analysis of structural change (which obviously presumes a diversified economy). It can be shown that this
equilibrium is locally stable and, moreover, that the economy will converge towards it from a broad range of
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R.E. López et al. / Journal of Environmental Economics and Management 53 (2007) 307–322 313
combinations of the state variables that are not necessarily in the neighborhood of such equilibrium. A
technical appendix showing the dynamic properties of the system is available from the authors.

3. Long run growth11

Differentiating (12) with respect to time we obtain the usual result that the rate of growth of xc must be
directly related to the negative of the rate of growth of l,

x̂c ¼ ��l̂, (21)

where we use a ‘hat’ to denote rate of change, i.e. x̂c � _xc=xc (note that the proportionality of consumption
implies that x̂c ¼ x̂d). If l̂o0 then any e40 is consistent with growing consumption. That is, growth does not
require any restriction on the inter-temporal elasticity of substitution (and, consequently, on its reciprocal, the
elasticity of the marginal utility) other than being positive.

We now define the sustainable growth equilibrium as

Definition. We say that the planner’s problem achieves long-run sustainable growth equilibrium (LSGE) when
the rate of growth of consumption is positive and constant over time and the level of the resource stock is
constant, that is _n ¼ 0:

This definition of LSGE is fairly general. Given a constant and positive rate of growth of consumption, the
rate of growth of welfare is also constant and positive in LSGE. A positive growth in welfare combined with a
constant stock of natural capital constitutes sustainable growth. We shall explore the implications of LSGE in
Propositions 1 and 2 below. Proposition 3 presents the conditions under which the LSGE is feasible. An
analysis of the stability of LSGE is available from the authors.

Proposition 1. In LSGE: (a) l ¼ m ¼ O40 and (b) l/Z is constant. Consequently, l̂ ¼ m̂ ¼ Ô ¼ Ẑ.

Proof. See Appendix A. &

Proposition 1 demonstrates that in LSGE all shadow values should decrease at the same rate and that the
shadow values of consumption, human capital and physical capital should be identical. These results help us
further characterize the solution for LSGE. We can rewrite the labor market equilibrium condition (Eq. (16))
to get,

F2ðk=hlc; 1Þ ¼ ðp� rfÞn, (22)

where r ¼ Z/l is a constant. Further, by setting Ô and Ẑ equal to each other (using Eqs. (18) and (19)) we
obtain,

F1ðk=hlc; 1Þ � dk ¼ gnðnÞ þ ðp=r� fÞhðL̄� lcÞ. (23)

The net marginal products of physical and natural capital are equal in LSGE. Next if we equalize m̂ and Ô
(using (17), (18) and subsequently (22)) we obtain,

F2ðk=hlc; 1ÞL̄� dh ¼ F 1ðk=hlc; 1Þ � dk. (24)

The above equation implies that in the LSGE, net marginal products of k and hlc in the clean sector equal
each other. Note that given our production function, there is a unique (k/hlc) level at which these net marginal
products are equalized. In other words, this expression implies that the (k/hlc) ratio remains constant during
the LSGE.

Given a constant (k/hlc) ratio, Eq. (22) implies that there is a unique and constant stock of natural capital,
n*, in LSGE. Together a constant stock of natural capital and a constant (k/hlc) imply that hðL̄� lcÞ also
11An explicit solution of the model with specific functional forms can also be requested from the authors. In this solution we use a

Cobb–Douglas form for the production function of the clean good with F ðk; hlcÞ ¼ Aka
ðhlcÞ

1�a; where A is a positive constant, and

0oao1 is the constant share of capital in total production. The natural resource growth function is logistic where gðnÞ ¼ gnð1� n=n̄Þ with

g being the maximum or intrinsic growth rate of the stock.
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Fig. 1. Long run asset equilibrium.
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remains constant in the equilibrium (see Eq. (23)). This means that k and h need to change at different
(unbalanced) rates to preserve the constancy of hðL̄� lcÞ. Thus there is a unique relationship of h and k needed
to maintain hðL̄� lcÞ at its constant long run level; this is the reason why h and k cannot change
proportionally as in the standard case (more on this below).

In Fig. 1 the horizontal line represents Eq. (24) while the solid upward-sloping line represents Eq. (22),
which is the equality among returns to labor between the two competing sectors. Since returns to labor in the
clean sector are directly related to the level of natural resources, this latter line is positively sloped. The figure
shows that if the level of natural resources n was higher (lower) than n*, the returns to human capital (in both
sectors) would be higher (lower) than the returns to physical capital which would be unsustainable in LSGE.

The constancy of the stock of natural resources implies,

gðnÞ=nþ In=n� fhðL̄� lcÞ ¼ 0. (25)

The system of Eqs. (22)–(25) solves for the four endogenous variables:(k/hlc)*, n*, ½hðL̄� lcÞ�
�, and I�nX0, or

r*p1. In principle there are two possible solutions; the first is where I�n40 and, therefore, r* ¼ 1.
Alternatively we can have I�n ¼ 0, and from (15), 0or*o1. In Proposition 2 we demonstrate that there is
positive investment in natural capital while at LSGE.

Proposition 2. In LSGE r* ¼ Z/l ¼ 1 and, therefore, I�n40.
Proof. See Appendix A. &

Proposition 2 demonstrates that investment in natural capital is positive along the LSGE. This result also
implies that the shadow value of natural capital equals marginal utility of consumption (Z ¼ l), and r* ¼ 1.
Using this result, the rate of growth in consumption (from Eq. (21)) along the LSGE can now be expressed as

x̂c ¼ �½F 2ððk=hlcÞ
�; 1ÞL̄� r� dh�. (26)

The next proposition provides the feasibility conditions necessary and sufficient for LSGE.

Proposition 3. An economy may achieve LSGE if and only if: (a) roF2ððk=hlcÞ
�; 1ÞL̄� dh; (b) r4

½F2ððk=hlcÞ
�; 1ÞL̄� dh�ð�� 1Þ=�; (c) F2ððk=hlcÞ

�; 1ÞL̄� dhXgnðn
�Þ þ ½ðp� fÞ=f�gðn�Þ=n�. In addition, LSGE

may be diversified only if (d) p4f; and (e) F 2ððk=hlcÞ
�; 1Þoðp� fÞn̄.
Proof. Please see discussion below. &

Condition (a) ensures that the economy is productive enough for growth to be possible (see Eq. (26)). The
net marginal productivity of the assets must be greater than the discount rate (this also implies that
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l̂ ¼ m̂ ¼ Ô ¼ Ẑo0). Condition (b) results from the transversality conditions (see Appendix B for a proof). If
this condition does not hold the objective function is convex and welfare cannot be maximized.

Condition (c) is needed for Proposition 2 to hold, it provides the conditions for gðn�Þ=n� � fhðL̄� lcÞ
�p0,

which implies that in LSGE I�nX0 and Z ¼ l, both of which are required for a diversified equilibrium. In
addition, this condition assures that the net marginal product of man-made assets in the clean sector is at least
as large as the net marginal product of nature in the primary sector (that is, that Eq. (23) holds). Thus,
condition (c) ensures that the clean sector can compete with the primary sector. Because there is a unique
equilibrium ratio, k/hlc, the marginal products of the assets used by the clean sector are in fact constant.
Hence, the Inada conditions are not sufficient to assure the survival of the clean sector. If the productivity of
the clean sector is too low or if the price of the dirty good is too high LSGE is not feasible.12

If condition (c) is not satisfied the economy specializes in the dirty sector. Specialization in the dirty sector,
however, precludes LSGE. The reason is that natural capital cannot expand beyond the maximum carrying
capacity, n̄. That is, at some point economic growth must come to a halt. This occurs because, in contrast with
the case of a diversified equilibrium, the expansion of h along the growth process can no longer be
compensated by a reduction of ld. As h increases natural resource extraction continuously expands, which
requires a continuous increase in investment in the natural asset. However, given a limit of carrying capacity,
this is not possible.

Conditions (d) and (e) are necessary to ensure the survival of the primary sector but are not necessary for
LSGE. If pof, the revenues from producing one unit of the dirty good are less than the cost in environmental
damage from production. In other words the sector is not competitive when property rights are well defined.
However, even if p4f it is possible that the resource extractive sector is just not productive enough to be
competitive (alternatively, the clean sector is comparatively too productive). Condition (e) rules this out. If
this condition is not met, the highest possible returns to human capital in the dirty sector, ðp� fÞn̄, are not
enough to compete with the clean sector. In such a case, the dirty sector closes.

If, either condition (d) or (e) is not satisfied then the system specializes in the clean sector. In this case the
model collapses into the well-known one sector, two-asset balanced growth model of Chapter 5 in Barro and
Sala-I-Martin [3] as a special case. That is, the standard two-asset growth model with constant returns to scale
can be regarded as a characterization of an economy where the non-primary sector is so productive that the
primary sector is unable to compete.

3.1. An intuitive discussion of the sustainable equilibrium

Let us summarize the intuition underlying sustainability in the LSGE equilibrium with n*40. We find that
the clean sector grows while the dirty sector stagnates. This is because given that production in the clean sector
derives solely from man-made assets it has the potential for greater growth. In order to maintain growth in this
sector, positive investment in the two man-made assets (h and k) is necessary. As the cost of investment in h or
k in terms of consumption is equal (l) positive investment in both h and k takes place only when their net
marginal value products are identical (this can be seen from the first-order conditions that require their co-
state shadow values to coincide). Given constant returns to scale in the clean sector, the net marginal products
of h and k depend solely on the capital to effective labor ratio (k/hlc). This implies that there is a unique
capital/effective labor ratio at which the net marginal products of both assets are equalized and constant over
LSGE.

Given that the marginal product of effective labor is fixed over LSGE, the labor market ensures that the
natural resource remains constant. Labor market equilibrium implies that labor is allocated across two sectors
so as to equalize the marginal value products of effective labor in both sectors. As the marginal value product
of effective labor in the dirty sector only depends on n it follows that the fixity of the marginal product of
effective labor in the clean sector also forces a unique level of n compatible with such marginal product level.
That is, n* is fixed. Also, the fixity of the extraction effort (hld) is needed. There is a unique level of hld at which
12To illustrate condition (c) consider the specific functional forms F ðk; hlcÞ ¼ Aka
ðhlcÞ

1�a and gðnÞ ¼ gnð1� n=n̄Þ from footnote 11.

Condition (c) under these functional forms reduces to ppAaað1� aÞ1�a=n̄½ðf=gÞL̄ð1�aÞ þ ð2fþ 1ÞL̄
ð1�aÞ
� � f=gdh. It is more likely that

condition (c) holds if A, L̄ are high, and it is less likely that condition (c) holds if p is high.
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the net marginal product of n equalizes those of k and h. A higher level of hld will induce incentives to
invest more in natural resources and to stop investing in man-made assets. This would cause the net
marginal product of n to fall and that of k to increase which, in turn, would cause a correction of the process
back to the unique constant level of hld that guarantees equal returns to man-made and natural assets. The
fixity of hld over the long run assures that n is also fixed; that is, economic growth is environmentally
sustainable. Further, the constancy of hld and the fact that h continuously grow over the long run requires that
ld continuously falls.

3.2. Further implications of the LSGE

From the equilibrium level of k/hlc derived from (24) we have that lc ¼ ðk=hÞc1, where c1 is a positive
constant that depends on the depreciation rates and parameters associated with the production function of the
clean output. Using (22) and (23) (and using r ¼ 1) in the above expression, we obtain the following
equilibrium relationship between k and h:

k ¼
hL̄

c1
�

wðn�Þ
ðp� fÞc1

, (27)

where wðn�Þ � ðp� fÞn�L̄� dh � gnðn
�Þ. Using Eqs. (22)–(24) it immediately follows that wX0. Eq. (27) is

depicted in Fig. 2. Since both w(n*) and c1 are positive, the equilibrium line crosses the vertical axis at negative

levels of k. This means that k̂ must be larger than ĥ; that is asset-unbalanced growth.

Proposition 4. During LSGE the physical/human capital ratio, k/h, is increasing; that is, k̂ � ĥ40.
Proof. See Appendix A. &
Corollary to Proposition 4. As t-N, ĥ! k̂.
Along LSGE, the factor specific to the clean sector (k) grows faster than the asset common to both sectors

(h) but their growth rates asymptotically converge. However, in finite time, the difference in growth rates has
important consequences for the economy as shown by Proposition 5.

Proposition 5. Along the equilibrium expansion path: (i) The share of labor employed in the dirty sector declines.

(ii) The ratio of value of dirty output to the value of total output declines. (iii) The physical capital to output

ratio in the economy rises.
k

MPh = MPk = MPn

h

( )c1p φ−

Fig. 2. Unbalanced asset growth.
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Proof. See Appendix A. &
Parts (i) and (ii) of Proposition 5 provide predictions consistent with some of the most robust stylized facts
of the modern economic growth process. Along the growth path, the share of employment in the primary (or
dirty) sector falls, and that the share of output in the primary sector also declines (see, for example [24]). Most
authors analyzing structural change, attribute such changes to an evolution of consumer demand and/or
biased technological change in the growth process. Here we show that structural change can occur even if
demand plays no role (as is the case in a small open economy) and technological growth is unbiased (in the
sense that it benefits both sectors in the same way). We show that structural change can occur solely because
the primary sector is based on a natural resource with a finite carrying capacity.

Corollary to Proposition 5. Labor productivity in the primary sector expands at a rate ĥ, the same rate at which

productivity in the clean sector expands.
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Proof. See Appendix A. &

The prediction from this corollary is also consistent with the experience of many countries.13 However
growth in output per worker has not prevented the fall in the primary sectors share in GDP. The reason has
mostly been the migration of labor from the primary sectors.

As indicated earlier, it is well known that the social planner solution replicates decentralized market
equilibrium if all assets have well-defined property rights, if all factor and product markets are competitive,
and if agents have rational expectations (see, for example, [3, p. 71]). However, the assumption that well-
defined property rights exist for the natural resource might be unrealistic. This is especially true for developing
countries. We now consider the case of ill-defined property rights without optimal environmental policy.

4. Open access to natural resources

The economy completely ignores the long run implications of resource extraction and economic agents
behave as if the shadow value Z is zero. There is no investment in natural capital and the net marginal value
products of man-made assets are not equalized to the net marginal contribution of natural capital (Eq. (23)
ceases to hold). Under open access, Eq. (25) becomes,

ðhðL̄� lcÞÞ
o
¼

gðnoÞ

fno
, (28)

where the superscript ‘‘o’’ denotes the solution under open access. Eq. (22) also changes as the marginal
product of labor in the dirty sector does not account for the fact that an extra unit of labor in the sector causes
a loss of natural capital,

F2ððk=hlcÞ
o; 1Þ ¼ pno. (29)

Eq. (24) showing the equalization of the net marginal products of physical and human capital remains
exactly the same. The following proposition characterizes open access equilibrium,

Proposition 6. In long-run equilibrium under open access we have that: (i) ðk=hlcÞ
o
¼ ðk=hlcÞ

�; (ii)

no ¼ ½ðp� fÞ=p�n�on�; and (iii) the rate of growth of the economy is not affected by the open access condition,

x̂�c ¼ x̂o
c and x̂�d ¼ x̂o

d

Proof. See Appendix A. &

Proposition 6 shows that sustainable development is possible even under open access and no environmental
policy is in place. The rate of growth over the long-run is not affected by the environmental inefficiency.
13Faruqui et al. [20] estimate the annual labor productivity growth of the primary industries in the USA at 3.1% while that of the

manufacturing sector at 3.3% per year.
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However, we find that the long run stationary level of the natural resources is lower under open access, than
when property rights are well defined. Combining these two results it follows that the rate of economic growth
is unrelated to the (equilibrium) level of natural resources.

What about the feasibility conditions for LSGE under open access? Clearly the conditions for positive
growth and a well defined optimum, parts (a) and (b) of Proposition 3, are equally feasible under open access
and under the benign planner solution. This follows directly from the fact that pno ¼ ðp� fÞn� as shown in
Proposition 6. Conditions (c) and (d) from Proposition 3 are no longer necessary in open access. The lack of
relevance of condition (c) means that the survival of the clean sector is now assured solely by the Inada
conditions.

Condition (e) in Proposition 3, is easier to satisfy under open access than under the social planner. This
condition under open access becomes F2ððk=hlcÞ

o; 1Þopn̄ instead of F 2ððk=hlcÞ
�; 1Þoðp� fÞn̄ under the

planner’s solution. The left-hand sides in the above expressions are equal but under open access assuring the
permanence of the dirty sector over the long-run requires a lower price level. Proposition 7 below summarizes
these results,

Proposition 7. (i) The feasibility conditions for the existence of positive growth over LSGE are not more

stringent under open access to natural resources than under optimal natural resource policy; (ii) under open

access it is more likely that the primary sector will be able to survive as a productive sector; and (iii) under open

access, and in contrast with the case of well-defined property rights, the Inada conditions are sufficient to assure

the survival of the clean sector.

Thus lack of property rights on the natural resource does not affect the potential rate of growth of the
economy and neither does it affect the likelihood that the economy achieves sustainable economic growth.
Optimal environmental policy is neither a necessary nor a sufficient condition for LSGE. Equally important,
there is no reason to expect that ‘‘resource-rich’’ countries will grow over the long-run any faster than
resource-poor countries.
5. Conclusion

We have shown that structural change allows an open economy to grow at a constant rate with
environmental sustainability. Endogenous structural change is a response to the presence of a constraint on
natural capital which takes place even if consumer preferences are homothetic and if technological progress
does not discriminate against the primary or dirty sector. In the long run growth equilibrium the primary
sector remains stagnant while the non-resource using sector grows continuously by attracting an increasing
volume of increasingly productive labor from the primary sector.

Property rights on the natural resource (or optimal environmental policy) are neither necessary nor
sufficient for environmentally sustainable economic growth. The rate of growth of the economy over the long
run is not affected by environmental policy and the feasibility of environmental sustainability with positive
long-run growth is not hampered by incomplete property rights. Optimal environmental policy induces a
higher equilibrium stock level of natural resources vis-à-vis the open access case.

The rate of economic growth is thus not affected by the (equilibrium) level of resource endowment.
Resource-rich and resource-poor economies can grow at similar rates over the long run as long as their
non-environmental policies are identical and their non-resource sectors are similar. Moreover, a resource-
poor economy (say, an economy that has imperfect resource property rights) can grow faster than a
resource-rich economy (say, an economy that has perfect property rights) if the latter has more app-
ropriate non-environmental policies. The real determinant of the feasibility and speed of sustainable
growth is the development of a sufficiently productive clean sector that can successfully compete
with the primary sector for factors of production, and a sufficiently rapid pace of accumulation of
knowledge that enables labor-augmenting productivity and structural change. Market failures that affect,
for example, the ability of the economy to invest in knowledge, may frustrate in the long-run structural
change and ultimately the capacity of the economy to achieve both positive growth and environmental
sustainability.
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Appendix A. Proofs
Proof to Proposition 1. For having permanent positive consumption growth, growth in at least one asset must
be positive. Either investments in human capital, physical capital or both should be positive in LSGE (note
that natural capital cannot grow for ever). We consider these two cases separately. The labor market
equilibrium condition (16) which holds both in LSGE and out of equilibrium, can be rewritten as,

F2ðk=hlc; 1Þ ¼ ðp� fZ=lÞn. (A.1)

Case 1: Positive accumulation of human capital, Ih4dh. From the first-order conditions this requires that
l ¼ m which using (21) implies that

x̂c ¼ ��m̂.

Thus a constant rate of growth of consumption implies that m̂ is constant over time. Using this and Eqs.
(A.1) and (17) consumption growth is given by

x̂c ¼ � ðp�
Z
l
fÞnL̄� r� dh

� �
. (A.2)

Since, given the definition of LSGE, both x̂c and n are constant, the above equation implies that Z/l must
also be constant. This implies that l̂ ¼ m̂ ¼ Ẑ is necessary for LSGE. Further, (A.1) implies that (k/hlc) must
also be constant in LSGE. The fact that the rate of growth of xc is constant by definition of LSGE implies that
m̂ and, therefore, Ẑ are both constant. Given the constancy of Z/m ¼ Z/l and the fact that the resource stock, n,
is also constant, (19) implies that the variable hðL̄� lcÞ must also be constant over time. Differentiating we
get that

ĥ ¼ ½lc=ðL̄� lcÞ�l̂c (A.3)

which is greater than zero by assumption. This means that both h and lc are increasing over time. But since (k/
hlc) must be constant, we have that k̂40, which in turn means that Ik40 and, therefore, O ¼ l. Hence, LSGE
requires that Ô ¼ l̂ ¼ m̂ ¼ Ẑ.

Case 2: Alternatively, if k is accumulated, then Ik4dk, and we have that l ¼ O and thus x̂c ¼ ��Ô. In this

case a constant growth rate of xc implies that Ô is constant and negative. From (18) it immediately follows that
F1(k/hlc, 1) is constant which in turn implies that (k/hlc) is also constant. This in turn, means that Z/l ¼ Z/O
does not change over time. Therefore, Ô ¼ Ẑ, Ô ¼ m̂. Equalizing (18) and (19) makes it clear that as in case 1,

hðL̄� lcÞ is also constant over time. Therefore, we also have that (A.3) holds. Now using the latter expression

and the fact that (k/hlc) is constant which means that: k̂ ¼ ĥþ l̂c, we obtain that k̂ ¼ ð1þ ½ðL̄� lcÞ=lc�Þĥ. Given

that k̂40, we have that ĥ40 and, therefore, Ih40 which, in turn, means that m ¼ O ¼ l and, as in case 1,

Ô ¼ l̂ ¼ m̂ ¼ Ẑ. &
Proof to Proposition 2. Suppose that the non-negativity constraint is binding. That is, In ¼ 0 while in fact the
unrestricted optimum would require I�no0. Use a tilde to define the solution of the system (22)–(25) when
In ¼ 0 and a double star to denote an hypothetical solution that allows for an unrestricted optimum, I��n ,
which is less or equal to zero if In ¼ 0. We now compare the restricted and unrestricted (hypothetical)
solutions. In this case condition (25) is satisfied if ~non�� or ehldoðhldÞ

��, or both (where ld ¼ L̄� lc). If ~non��

then by (22) ~ror�� ¼ 1. Also, from (23) it is clear that since gn(n) is decreasing in n that ehldoðhldÞ
��. Using

analogous reasoning, it is clear that if ehldoðhldÞ
�� then ~non�� as well. That is, we need both inequalities to

hold simultaneously.
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We now show that these two inequalities together are inconsistent with the first-order conditions when
evaluated at LSGE. Assume that ~non�� and ehldoðhldÞ

��. The solution when In ¼ 0 implies

ehld ¼ gð ~nÞ=f ~n. (A.4)

Also, since I��n o0 by assumption we can define a variable v ¼ �I��n =ðfn��Þ40 such that,

ðhldÞ
��
þ v ¼ gðn��Þ=ðfn��Þ. (A.5)

Given that g(n)/n is decreasing in n, we have that gðn��Þ=ðfn��Þogð ~nÞ=ðf ~nÞ. Now subtracting (A.5) from
(A.4) we obtain,

fhld � hl��d ¼ gð ~nÞ=ðf ~nÞ � gðn��Þ=ðfn��Þ þ v40

which means that fhld4hl��d thus contradicting the earlier supposition. Hence either ~n4n�� or fhld4hl��d . But
~n4n�� means that ~r4r�� ¼ 1 according to (22), which is inconsistent with the Kuhn–Tucker condition (15).
The other option, fhld4hl��d is not consistent with the condition (23) when ~npn�. Hence, the only feasible
equilibrium is one with I��n 40 and r ¼ 1. &
Proof to Proposition 4. Taking time derivatives of (27):

ĥ ¼ k̂ 1�
wðn�Þ
ðp� fÞhL̄

� �
which given that 0pwpðp� fÞhL̄ then k̂Xĥ, and that as h grows, so does k. &

Proof to Proposition 5. The first two parts of Proposition 5 are derived from the fact that the total extraction
effort (hld)* as well as the level of n remain constant along the equilibrium growth path while the clean
sector continuously grow as k, h and lc all expand. This leads to (ii). The fact that hld is constant while h

continuously grows in LSGE means that ld must decline over time. Hence, result (i) follows. The fact that the
physical capital to output ratio is rising in the economy is not obvious but may be shown by looking at the
definition:

k

y
¼

k

pnhðL̄� lcÞ þ F ðk; hlcÞ
¼

1

ðh=kÞpnðL̄� lcÞ þ F 1ð�Þ þ ðh=kÞlcF 2ð�Þ
,

where in the second equality we divided by k and expanded clean output using the property of homogeneity of
the clean technology. If we replace lc ¼ ðk=hÞc1, we get

k

y
¼

1

ðh=kÞpnL̄� pnc1 þ F 1ð�Þ þ c1F 2ð�Þ
:

Proof to Corollary to Proposition 5. Output per worker in the primary sector is hn. Since along LSGE n is
constant at n*, labor productivity increases at a rate ĥ. Output per worker in the dirty sector is
F ðk; hlcÞ=lc ¼ F ðk=lc; hÞ. Where the equality follows from the fact that F is linearly homogenous in k and hlc.
Since F(k/lc, h) is homogenous of degree one in k/lc and h we have that F ðk=lc; hÞ ¼ hF ðk=hlc; 1Þ. Noting that
k/hlc is constant along LSGE, we have that output per worker in the clean sector also grows at a rate ĥ. &
Proof to Proposition 6. Part (i) follows from the fact that condition (24) is valid in open access as well. Under
open access the shadow values of h and k are also equal and, therefore, they must decline at an identical and
constant rate, m̂ ¼ Ô. This means that F1 � dk ¼ F 2lc � dh þ nðL̄� lcÞ. Using (28) in the above expression we
obtain a condition identical to (24). That is, ðk=hlcÞ

o
¼ ðk=hlcÞ

�. Part (ii) follows by noting that
F2ððk=hlcÞ

�; 1Þ ¼ F 2ððk=hlcÞ
o; 1Þ (as Eq. (24) remains the same) and f40. From (22) and (29) we have that
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pno ¼ ðp� fÞn� which shows part (ii). Part (iii) is shown by using (21) noting that l̂ ¼ m̂ ¼ Ô. Thus,

x̂c ¼ ��l̂ ¼ �ðF2ððk=hlcÞ
o; 1ÞL̄� dh � rÞ ¼ �ðF2ððk=hlcÞ

�; 1ÞL̄� dh � rÞ: &

Appendix B. Conditions imposed by the transversality condition

In order to check the transversality condition, we need some idea about how assets are accumulated towards
the end of the planning horizon, i.e. infinity. To get an approximation, we begin by taking a time derivative of
the budget constraint (8),

x̂cxc þ x̂dpxd ¼ pnhldðchldÞ þ kF 1ð�Þk̂ þ hlcF 2ð�Þð
chlcÞ � InÎn � IkÎk � IhÎh. (B.1)

Since the (k/hlc) is constant in steady state, we have that k̂ ¼ ðchlcÞ, also recall that both In and hld are also
constant in equilibrium, and that both consumption goods grow at the same rate. Furthermore, from
Proposition 3 we know that at infinity both k and h grow at the same rate, therefore both investment rates
must grow at the same rate at infinity, and that rate must be equal to the rate of growth of man-made assets.
Thus, using the fact that the clean technology is homogenous of degree 1 we can rewrite (B.1):

lim
t!1

: x̂cðxc þ pxdÞ ¼ k̂ðF ðk; hlcÞ � Ik � IhÞ. (B.2)

Also, towards infinity we have that

lim
t!1

:
xc þ pxd

F ðk; hlcÞ � Ik � Ih

� 1

because the difference between numerator and denominator is a constant, pnhld�In, and its ratio over
(F ðk; hlcÞ � Ik � Ih) tends to zero as clean output grows. Thus, we have that at infinity

lim
t!1

: x̂c � k̂ � oðn�Þ ¼ �½ðp� fÞn�L̄� dh � r�. (B.3)

The right-hand side of (B.3) contains the rate of growth of xc from (21).
On the other hand, the rate of fall of O may be readily obtained from (18):

OðtÞ ¼ O0 e�½ðp�fÞn
�L̄�dh�r�ðt�t0Þ, (B.4)

where O0 is the level of the shadow values when steady state was achieved (at time t0), and where we also used
the fact that Ô ¼ m̂. We can now express the transversality condition for k:

lim
t!1

: exp½�rt� � k1 exp½�½ðp� fÞn�L̄� dh � r�t�O0 exp½�½ðp� fÞnL̄� dh � r�ðt� t0Þ� ¼ 0, (B.5)

where kN is a level of physical capital accumulated when time approaches infinity. From (B.5), it can be shown
that this condition will hold when,

r4ð�� 1Þ½ðp� fÞnL̄� dh � r�. (B.6)

Note that the right-hand side of (B.6) is equal to Û , so condition (B.6) is similar to most endogenous growth
models. Also note that (B.6) can be re arranged like in condition (b) of Proposition 3. Given that both man-
made assets grow at the same rate towards infinity, it is easy to show that condition (B.6) also applies also for
h. On the other hand, the transversality condition always holds for natural capital, as this asset is fixed in
equilibrium, as long as l̂o0. &
References

[1] P. Aghion, P. Howitt, Endogenous Growth Theory, MIT Press, Cambridge, MA, 1998.

[2] K.J. Arrow, G. Debreu, Existence of an equilibrium for a competitive economy, Econometrica (1954).

[3] R. Barro, X. Sala-I-Martin, Economic Growth, McGraw-Hill, Inc., New York, 1995.

[4] W.J. Baumol, Macroeconomics of unbalanced growth: the anatomy of urban crisis, Am. Econ. Rev. 57 (3) (1967) 415–426.

[5] W.J. Baumol, S.A.B. Blackman, E.N. Wolff, Unbalanced growth revisited: asymptotic stagnancy and new evidence, Am. Econ. Rev.

75 (4) (1985) 806–817.



ARTICLE IN PRESS
R.E. López et al. / Journal of Environmental Economics and Management 53 (2007) 307–322322
[8] J. Brander, M. Taylor, The simple economics of Easter Island: a Ricardo–Malthus model of renewable resource use, Am. Econ. Rev.

88 (1) (1998) 119–138.

[9] J. Brander, M. Taylor, Open access renewable resources: trade and trade policy in a two-country model, J. Int. Econ. 44 (2) (1998)

181–209.

[10] W.A. Brock, M.S. Taylor, Economic growth and the environment: a review of theory and empirics, NBER Working Paper Series,

WP 10854, Cambridge, MA, 2004.

[11] G. Brown, Renewable natural resource management and use without markets, J. Econ. Lit. 38 (2000) 875–914.

[13] H.B. Chenery, Patterns of industrial growth, Am. Econ. Rev. 50 (1960) 624–654.

[15] J.M. Conrad, Bioeconomic models of the fishery, in: D. Bromley (Ed.), Handbook of Environmental Economics, Blackwell, Oxford,

1995, pp. 405–432.

[17] A. Dixit, V. Norman, Theory of International Trade, Cambridge University Press, Great Britain, 1980.

[18] C. Echevarria, Changes in sectoral composition associated with economic growth, Int. Econ. Rev. 38 (2) (1997) 431–452.

[19] L. Eliasson, S. Turnovsky, Renewable resources in an endogenously growing economy: balanced growth and transitional dynamics, J.

Environ. Econ. Manage. 48 (3) (2004) 1018–1049.

[20] U. Faruqui, W. Gu, M. Kaci, M. Laroche, J. Maynard, Differences in productivity growth: Canadian–US business sectors,

1987–2000, Mon. Labor Rev. (2003) 16–29.

[21] H.S. Gordon, The economic theory of a common property resource: the fishery, J. Polit. Econ. 63 (2) (1954) 124–142.

[23] C. Huang, D. Cai, Constant-returns endogenous growth with pollution control, Environ. Resour. Econ. 4 (4) (1994) 383–400.

[24] P. Kongsamut, S. Rebelo, D. Xie, Beyond balanced growth, Rev. Econ. Stud. 68 (4) (2001) 869–882.

[26] S. Kuznets, Quantitative aspects of the economic growth of nations II. Econ. Dev. Cult. Change Supplement to volume V(4) (1957)

3–11.

[27] J. Laitner, Structural change and economic growth, Rev. Econ. Stud. 67 (2000) 545–561.

[30] C. McAusland, Learning by doing in the presence of open access renewable resource: is growth sustainable?, Nat. Resour. Model. 18

(1) (2005) 41–68.

[31] G.R. Munro, A.D. Scott, The economics of fisheries management, in: Kneese, Sweeney (Eds.), Handbook of Natural Resource and

Energy Economics, vol. III, North-Holland, Amsterdam, 1993.

[32] I. Parry, Productivity trends in the natural resource industries: a cross-cutting analysis, in: R.D. Simpson (Ed.), Productivity in

Natural resource Industries, Resources for the Future, Washington, DC, 1999.

[33] M.B. Schaefer, Some considerations of population dynamics and economics in relation to the management of marine fisheries, J.

Fish. Res. Board Can. 14 (1957) 669–681.

[34] P. Schou, Polluting non-renewable resources and growth, Environ. Resour. Econ. 16 (2) (2000) 211–227.

[35] S. Smulders, Endogenous growth theory and the environment, in: J.C.J.M. van den Berg (Ed.), Handbook of Environmental and

Resource Economics, Edward Elgar, Cheltenham, 1999, pp. 610–621.

[36] S.A. Smulders, R. Gradus, Pollution abatement and long-term growth, Eur. J. Polit. Econ. 12 (1996) 505–532.

[38] N.L. Stokey, Are there limits to growth?, Int. Econ. Rev. 39 (1) (1998) 1–31.


	Structural change and sustainable development
	Introduction
	The model
	Consumption
	Production and labor market clearing
	Asset accumulation
	The social planner’s problem

	Long run growth11
	An intuitive discussion of the sustainable equilibrium
	Further implications of the LSGE

	Open access to natural resources
	Conclusion
	Acknowledgements
	Proofs
	Conditions imposed by the transversality condition
	References


