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ABSTRACT

The fact that today’s activities are imposing avyeburden on the earth's capacity has led to areasing
interest in environmental issues. It is emphasthead rapid production growth has exhausted nanesburces
and polluted the environment. The objective of #ssay is to offer a clear definition of naturgpita, connect
it to a qualitative concept of sustainability asdpported by two analytical models and a set afistuon related
environmental literature, to show that sustaingbitian be attained via imposition of controls opeoduction
processes that use depletable natural resourcegesrgdlate pollution. The methodology used contetaplan
integrative approach combining a qualitative (segkilefinitions)-analytical (appraising models) agas to
reach a new conceptual perspective to conceivaisasility. As the main essay’s contribution, istsowed that
sustainability can be reached if compensation liswald for, i.e., stocks of renewable being augnerde
production depletes the stocks of nonrenewableralat@sources. Moreover, that result is possiblenev
considering nondecreasing output production, aromapt finding to contrast with the current envinzentally
based output growth literature, which asserts siawving down output production is the only way totain
sustainability.
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INTRODUCTION

As suggested by Boulding (1993), the well-knownt fHtat today's production activities are
imposing a heavy burden on the earth's capacityldth$o an increasing interest in environmental
issues. It has been emphasized that rapid produgtiowth depletes the current stock of natural
resources and damages the environment, and therelearly limits to this process. Daly (2008)
affirms that “The limits to growth, in today's usggrefer to the limits of the ecosystem to absorb
wastes and replenish raw material in order to susite® economy” (p. 9). Despite the classical ‘pro-
technology’ optimistic arguments, which assert,cading to Barro (1997), that technical progress is
what is needed to eliminate all constraints on petidn growth, the approaching exhaustion of earth'
carrying capacity is an unquestionable reality. @and’'s (1992) assertions pointing out that current
high levels of degradation of the earth’s biomass laiodiversity and substantial increases in esrth’
average temperature are a cruel reality, are de@ence of it. Furthermore, as Panayotou (1993)
affirms, the amount of damage production activitiese imposed on the environment (e.g. pollution)
in the course of rapid growth is unquestionable sAggested by Daly (2002), immediate actions are
being called for and policy proposals have beemidated to deal with these issues, both in the
political and academic arenas.

In spite of this evidence, the issues related tarahresource uses and pollution generation agid th
connections with sustainability have not yet bemthhically mastered to base decisions on this matte
in practice. Therefore, this essay purposes ta effelear definition of natural capital, relatetata
gualitative concept of sustainability, and predem pioneering analytical models of environmentally
balanced output growth, explicitly considering, tme one hand, constrained exhaustion of a
nonrenewable natural resource and, on the oth#utipa control over an output production process.
It will be seen that slowing down the pace of otigmoduction growth is a feasible way to be inéfin
tune’ with sustainability, for one manner to aclehis is via imposition of controls over the uge o
nonrenewable resources and emissions of pollution.

Thus, the main contribution of the essay is to gmes new conceptual perspective, based on the
gualitative-analytical apparatus used, in orderskmw that even allowing for the depletion of
nonrenewable natural resources, it is possibleanage their uses in a way that compensation, such a
augmenting the stocks of renewable natural ressurs#En be conceived and total natural capital
remain unchanged or even increased. An importaotdtref this is that sustainability could be attadn
with no need for reducing production.

The next section presents the methodological puwresdto be used, starting with a qualitative
approach to the environmental literature, seekin§inid a workable definition of natural capital, in
order for sustainability to be appraised. An aneftapparatus used to approach two pioneering
models of environmentally based output growth feo

In Section ‘Natural Capital and Sustainability: aaftative Conceptual Approach’ we define natural
capital and establish the link between it and souakdlity. Section ‘Environmentally Based Output
Growth Models: an Analytical Apparatus’ presentso tywioneering models of output growth
considering depletion of a nonrenewable naturaduese and pollution control. Section ‘Integrating
the Qualitative-Analytical Approaches towards a Neenceptual Perspective on Sustainability’ goes
on to argue, according to the essay’s main corttabuthat it is possible to attain sustainabibityen
allowing for environmental bounded damage. Sectibhe New Conceptual Perspective on
Sustainability: Implications to Environmental Maeagent’ focuses on implications of the analysis for
environmental management and the final sectionsgieaclusive remarks shedding light on directions
for future work.
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METHODOLOGICAL PROCEDURE: FROM A QUALITATIVE-ANALYTICAL APPARATUS TO A
NEW CONCEPTUAL PERSPECTIVE ON SUSTAINABILITY

As far as the essay’s main goal is concerned, tbthadological procedure used integrates two
different apparatuses. First, a qualitative appnoa@s undertaken in order to obtain, in the
environmental literature, a suitable definition redtural capital. The objective is to clearly define
natural capital and connect it to sustainabilityhisT latter concept follows the premises of the
Brundtland Commission (1987). A set of importanntcifbutions was selected to that end, such as,
Lima (1999); Daly (2002, 2004, 2005, 2008); LawfA@g); Turner, Brouwer, Georgiou and Bateman
(2000); Sahu and Choudhury (2005); England (20@®stantini and Monni (2008); and Irwin and
Ranganathan (2007).

Second, an analytical approach was used in orderotmeive two different models regarding
optimal output production growth — one considermgput production constrained by the use of a
nonrenewable natural resource input, and the athietemplating pollution control over a production
process that damages air quality (pollution) apuupaces its path. To that end, two pioneering
models of optimal output growth were intentionadiglected due to their innovative approach on
optimal environmentally based production growth yavack in the seventies. To provide updated
support for the two pioneering models used, a $eimportant recent contributions was used,
including Geldrop and Withagen (2000); Palmada 800slan (2005); Charles (2005); Comolli
(2006); Auty (2007); Bretschger and Smulders (20@8)d Voinov and Farley (2007); all using
analytical frames jointly treating output producti@nd environmental variables under a single
approach — optimal environmentally based outputvtito

The main objective of applying this methodology wassetup a way leading to a new conceptual
qualitative perspective allowing for sustainabilitpeing appraised even with constrained
environmental damage, e. g., via renewing renewahteral resources, as a compensating device
counterbalancing the depletion of nonrenewablerabtasources. Thus, the analysis to be undertaken
in what follows has to be understood, under thehouitlogical procedure here delineated, in the
context of a qualitative frame (even using two giiedl theoretical models) in order to reach a new
conceptual construct to better understand and amalystainability.

NATURAL CAPITAL AND SUSTAINABILITY: A QUALITATIVE CONCEPTUAL APPROACH

A general definition of capital is very importantd¢learly understand natural capital. Capital hiere
to be considered as a stock that yields a flow alfiable goods and services into the future, as
suggested by England (2006), no matter whethesttiek is manufactured or natural. If it is natural,
e.g., a population of trees or fish, the sustamdlolw or annual yield of new trees or fish is edll
sustainable income, and the stock that yields defsned as natural capital. Natural capital magpal
provide services such as recycling waste mateoialsollution (or even erosion) control, which are
also considered as sustainable income. From tfiisitttn we can see that the structure and diversit
of the system is an important component of nateapltal, according to Daly (2008), since the floiw o
services from ecosystems requires that they fumettowhole systems. Irwin and Ranganathan (2007)
propose an interesting action agenda showing wayssustain ecosystem services. Another
gualification has to do with the distinctive chaexoof natural capital, income and natural resairce
All three concepts are distinct, in the sense tztiral capital and natural income are just theksto
and flow components of natural resources.

According to Daly (2005) and Lima (1999), there &ave broad types of natural capital, renewable
(RNC) or active and nonrenewable (NRNC) or inactiZ®amples of RNC are ecosystems and of
NRNC, fossil fuel and mineral deposits. There isireresting analogy between RNC/NRNC and
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machines/inventories. Renewable natural capitalamslogous to machines and is subject to
depreciation; nonrenewable natural capital is agmle to inventories and is subject to liquidation.

Having defined natural capital, a definition of siisability is needed in order to establish a labic
connection between them. First of all, it is impattto note that, as affirmed by Daly (2004), ttoels
of total natural capital equals renewable natuagital plus nonrenewable natural capital.

The concept of sustainability is related to the ntemance of the constancy of the stock of total
natural capital. According to Lawn (2006) and Costa and Monni (2008), a minimum necessary
condition for sustainability is the maintenancelad total natural capital stock at or above theesir
level. Hence, the constancy of the stock of togliral capital is the key idea behind the sustalibab
concept. Since the stock of nonrenewable natumgitatecan be depleted with use, a logical way to
maintain constant total natural capital is to restvpart of the prospects coming from the use of
nonrenewable natural capital into renewable natapital.

It is important for operational purposes to defustainability in terms of constant or nondeclining
stock of total natural capital. This is a very diigant point, since sustainability implicitly
incorporates the notion of intergenerational equitycording to the Brundtland Commission (1987),
the primary implication of sustainability is thaitfire generations should inherit an undiminished
stock of ‘quality of life’ assets. According to Hagd (2006), this broad stock of assets can be
measured or interpreted in the following three wayas comprising human-made and environmental
assets; ii) as comprising only environmental assgtsi) as comprising human-made, environmental,
and human capital assets. The notion of intergéinaed equity, thus, lies at the core of the deiom
of sustainability. Najam, Papa and Taiyab (2006) Aajam, Runnalls and Halle (2007) developed
important contributions related to sustainabilitgfiditions and their relations to governance and
globalization.

Holmberg and Samdbrook (1992) emphasize that thedtland Commission (1987), - The World
Commission on Environment and Development -, wasfitist entity to give geopolitical significance
to the use of the sustainable development concapd, thus is an important benchmark on
environmental issues.

It is clear and desirable that item iii) above hg tmost relevant one to consider under the given
definition of sustainability. According to Daly (@R), human-made capital, renewable and
nonrenewable natural capital and diverse ecosyservices all interact with human capital and
productive processes to determine the productieel lef market goods and services of a country. The
specific form of this interaction is very importatd sustainability. As suggested by Sahu and
Choudhury (2005), linking those more general arguseavith the definition of total natural capital
given above and owing to the intergenerationalesste frame developed up to this point is crucial
for an appropriate definition of sustainability.

We see the interconnections between natural ceguiighlsustainability. It is necessary to have the
definition of the former in order to achieve théda and to reach the minimum necessary condition
for sustainability the maintenance of the stock®tdl natural capital is a requirement.

A tangent issue is related to the traditional waycbnceive and measure standard production
growth. It is well known that the measure of wedfatia gross national product [GNP] misconceives
the relevance of natural capital, despite its iggmice in terms of the production of real goodd an
services in the ecological-economic system. To dé#l this shortcoming, there has been recent
interest in improving national income and welfareasures to account for natural capital depletion
and other corrections of mismeasured variablesoh@nic welfare. As a consequence, a new index
(Index of Sustainable Economic Welfare [ISEW]) baen used to allow for those corrections related
to the depletion of nonrenewable resources anddongnvironmental damage.

According to Daly and Coob (1994), after takingoimiccount the corrections, while GNP increased
over the 1950 to 1986 interval in the USA, the ISEWex remained relatively unchanged from
arotind 1970 onwarde When denletion of natiiraltabomollition cocte and income dictribiition
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effects are accounted for, the USA is seen as makinimprovements at all. Therefore, it is possible
that if we continue to ignore natural capital, waynwell push welfare down while we think we are
building it up. England (2006) shows the importarafethe ISEW-index to recent research on
environmental economics. The ISEW-index is preskirieDaly and Coob (1994) and, according to
Harris (1995), such a measure has not yet beeningkleloping countries. Boyd (2006) also shows
what is needed to take into account when greersgtosestic product (GGDP) is under focus.

Another relevant issue concerns the constrainteddyy measurement problems on quantifying
environmental assets. As posted by Tureeal. (2000), ecosystems are characterized by extreme
complexity and to handle computations under differmanagement structures is always a formidable
challenge. Issues regarding environmental meadityalill be discussed under the emergence of the
so-called contingent valuation approach in ‘Sectidegrating the Qualitative-Analytical Approaches
towards a New Conceptual Perspective on Sustaityabil

Having given the relevant definitions of naturapital and sustainability, Section ‘Environmentally
Based Output Growth Models: an Analytical Apparatpgesents two environmentally balanced
output growth models considering, in one perspectivfinite and depletable natural resource, and in
another, pollution control as a way of augmentimg $tock of a renewable natural resource (fregh air
The choice of both models was intentional, duehigirtpioneering contribution applying optimal
constrained output growth to environmental issued also the fact that they fit perfectly to the
essay’s main contribution of jointly consideringpamte theoretical pieces and contemplating an
integrative perspective.

The first model of production growth by Andersor®72) will be examined, and in the second
model, output growth with pollution controls by Bter (1973) will be analyzed. Both models make
use of a mathematical method called optimal cortinebry to address issues on environmental-
production growth. The main goal is to show howdtad production growth has to be slowed down
when constraints on natural resource uses andtjpollgeneration are imposed. Furthermore, this
result is a key factor for the analysis of sustailitg conceived here.

To meet the sustainability criterion, at the sameetthat we know that rapid production growth
leads to depletion of the stocks of natural resemirand pollutes the environment, production
processes (accumulation of physical capital) haveface constraints. The possibility of using
productive factors (e.g. natural resources) insustainable manner and the eventuality of damaging
the environment (e.g. pollution) are two negatiyepboducts of rapid production growth that need to
be tackled.

ENVIRONMENTALLY BASED OUTPUT GROWTH MODELS: AN ANALYTICAL APPARATUS

Two classes of environmentally based output gromtdels will be analyzed in this section: i)
production growth using finite and depletable naltuesources and ii) output growth with pollutian a
waste generation. The first pioneering model corfresn Anderson (1972), who explores the
implications for production growth of accountingpégitly for the depletion of a nonreproducible
natural resource, such as a fossil fuel reseniglitdt(1974) uses a similar construction to model
production growth in the presence of exhaustiblenaé resources. More recently, Palmada (2003)
makes extensive use of the quantitative tools useaptimal growth models and applies them to
formalize optimal allocations of different natunasources, such as air, water and forests during
production growth phases.

The analysis to be conducted below follows the ddesh procedure of considering a one-sector
economy, such as in the Bretschger and Smuldef6)2fnalysis of optimal uses of nonrenewable
resources, as well as in Farzin and Akao (2006)\mdov and Farley (2007), both treating explicitly
environmentally based output production modelsaisiptimal control in a one-sector economy. The
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main objective of these models is to find an optioagital accumulation trajectory that maximizes th
present value of per capita consumption over aefipianning horizon, subject to some specific
terminal conditions on the stocks of traditiongpital and natural resources.

An Environmentally Based Output Growth Model with a Depletable Resource

It is worth noting that when a depletable natueslource is considered, the infinitely time-period
horizon used in optimal growth models, as suggeist€hiang (1992), is no longer applicable. For an
accurate analysis of the mathematical modeling rofvth and sustainability, Islan (2005) is an
important reference. Other models of optimal oufprdduction growth with finite and depletable
natural resources are due to Le Van, Schubert ajuyéih (2007), whose focus relies on developing
countries and poverty, and Auty (2007), who anay#ee inverse relation between low income
countries and natural resource wealth. The probdérthe optimal model by Anderson (1972) is
formulated by assuming a Leontief production fumcti

Y = Min [F(K, L), 2€"] (1)

where F(.) is the production function,, Yhe rate of output, Kthe stock of capital,Linput labor, gis

the stock of depletable resources ands the relative rate of technological progressrésource
requirements. Sa, Reis and Palma (2004) show hdwéogy could optimally control for exhaustion
of a nonrenewable natural resource in a competgtaaor, in the same way technological progress

enters in Anderson’s model here analyzed. Fromtexjuél), if F(.) <'ze“t, we will have:
Yi=F(K, L) and (2
z=-6"F(). )

Equation (2) tells us that the rate of outpuytisya function of physical capital and labor ovienet
and equation (2") states that the rate of resouigletion is proportional to the rate of output
production. The depletion proportion diminishes tise passes due to exogenous technological
advances (increasing) that permit depletable natural resources to bed usore efficiently.
Bretschger and Smulders (2006) show an interestiagionship between the shadow-price of an
exhaustible resource and investment spends on R&DQhé sector using the natural resource
intensively.

The saving-investment identity, i.e., the equatibphysical capital accumulation, is:
K.=SF() 3K, &)

where 0 < & 1 is the savings ratio ards the rate of physical capital depreciation. Ntve, optimal
growth problem is to find the optimal path fer(the control variable) that maximizes the follogiin
present value of consumption over the planningzoor{o, T]:

I [L- STFCIRIE d )

where Ris the rate of population andis the discount rate. We can rewrite (4) in itensive form.
To do so, all that is required is to assume thaufadion and input labor grow according tsz‘POeﬂt
and L = Loem, respectively. Thus, the optimal growth problem is

Max [, [(1 - $)ffs,)Je" d ©)

subject to:
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(|) kx = Skf(Kt) ILNY

(ii) 2 = -fi<)e’
(i)0<s<1,x>0,z>0.
(iv) Relevant transversality conditions,

where r = 1 + n - n] is the new discount ratg,= [0 + n] andy = [a - n] are strictly positive. It is also
clear that (1 - $is per capita consumption andtj(is the intensive form of the production function.
Thus, (i) is the equation of physical capital acalation in its intensive form and (ii) is the new
version of (2'). The set of transversality condisanvolves a complex mathematical procedure that i
is not feasible to deal with here. Its detailedlgsig, which involves an optimal control problemnthvi
several constraints and end-point transversalibgitons, is presented in Chiang (1992).

The next step is to setup the current Hamiltoniamoptimal dynamic output growth models, the
practice of using Hamiltonians is analogous to uke of Lagrangians in static optimization setups.
Applications of the optimal dynamic versions in ttentext of environmental economics are done by
Geldrop and Withagen (2000) and Islan (2005) inyamrag mathematical models of natural capital
and sustainability using Hamiltonians with reneveadshd nonrenewable natural resources constraints.
The two relevant constraints are (i) and (ii), vihiead to a problem with two costate variablesand
m;and two state variables,&z. The two costates are the shadow-price of physipital stock and
depletable natural resource, respectively. Thesatitdamiltonian is:

H = (1 - 9(x) + Msif(xo) - nic] + m- f(x)e ], (6)

Clearly, this current Hamiltonian brings the dealdé resource constraint in the very last parhef t
equation and the new end-point restrictions. Bezatfithe necessity of considering the transveysalit

conditions, to maximize Hat each point in time with respect to we need the following decision
rules:

If A, > 1, sets= 1. (7)
If =1, setse][0, 1].
If A< 1, sets 0.
We need the maximum principle conditions and théenaequations fok; and ng
Jo = \T -OH'/ B, (8)
r-nI =m,r -oH’/ 0z.
Taking partial derivatives of Hwith respect to the two state variables and uéig
M= [0+ ) - .8 6P~ [(L- $9706) -m, FG)e] ©)
m, = myr.
Using the decision rules stated in equation (79, taking into account the conditions in equation (9

[s: can be eliminated from the first equation in (BY &i) in equation (5)], we derive the two relevant
loci of motion:



Augusto Marcos Carvalho de Sena 220

[r+n-f'()r, forAa>1lands =1 (10)

o= MP()E™ + {[(r+n) - ()], for,= 1and s [0, 1
[(r+ A-f'(x), fori<lands =

f(x) - nx, fora,>lands =1
. ={sf() -k, forr,=1lands [0, 1
-nk, fori<lands =0.

In spite of the apparent complexity, those condgi@re quite easy to understand in terms of
drawing a phase-diagram in thig, ()-space. In the complete analysis of the phasealagatical
representation, Anderson (1972) shows that usiegtid-point transversality conditions, it is pokesib
to visualize the optimal behavior for capitaland its shadow-pric&;. When the nonreproducible
stock of natural resources is considered, the trebolws a tendency to postpone capital accumulation
and spend time on production growth paths wheréaldap used less intensively than in models of
unconstrained natural resource uses.

Therefore, the basic result, coming from this paidun growth model accounting for depletable
natural resource uses, points to a general slowdoewnd of the production growth pace. This is so
because the constraint poses a limiting restriatiorthe use of the considered depletable resources,
which leads to a reduced rate of physical capitaumulation and increased rate of savings (less
consumption), while acting as the control varialdeyes per capita consumption downwards. It
should be emphasized that this behavior is thargbtone, in terms of maximizing the present value
of the consumption stream over time and at the stimme satisfying the relevant constraints. It is
optimal to slow down the country's capital accurtiata (decreasing production) when depletable
natural resources are considered. More recentibatians have shown this same result in different
contexts, such as Comolli (2006) in investigatihg telations between natural and physical capital
during specific economic growth phases, and alseifrand Akao (2006) as far as optimal exhaustion
of a nonrenewable is concerned within a finite tioeizon plan.

Linking the concept of sustainability derived incBen ‘Natural Capital and Sustainability: a
Qualitative Conceptual Approach’ with the resulttbis environmentally sounded growth model by
Anderson (1972), slowing down the pace of outpoingh is feasible and desirable, for the stock of
nonrenewable natural resources cannot be totajyetdel and production activity is in its course,
albeit at a slower pace. It is also possible te tthie rate of depletion of the nonrenewable natural
resource in such a way that the rate of regeneraficenewable natural capital is always highed an
thus augmentation of total natural capital is of#di This arrangement would at least preserve the
constancy of the total stock of natural capitapra-requisite to sustainability as shown in Section
‘Natural Capital and Sustainability: a Qualitati@enceptual Approach’.

An Environmentally Based Output Growth Model with Pollution Generation

The second model deals with an important featutecnasidered in standard production growth
models. Following Forster (1973), we present aimnggdtphysical capital accumulation model taking
into account the possibility of waste generatioall(tion). As Forster (1973) states, “It is naive t
think that no wastes are produced and fairly obwitlat the free disposal assumption of the
neoclassical growth model is not satisfied in & world” (p. 544). Again, the choice of this opél
output model was intentional, due to its pioneeriolg in optimal environmental economics. Other
recent models of pollution generation under optimavironmentally based output growth can be
cited, such as Lyon and Lee (2003); and Chakraybdtoreaux and Tidball (2006). Making use of the
usual procedure, we begin, following Foster (19@3%uming a standard production function:
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Y= F(Ky). (11)

Once again, it is assumed that this productiontfands well behaved, in the sense that all stashdar
characteristics apply. It is also assumed thatldber force is a constant proportion of a constant
population. The produced output can be either aoesu(G), invested in physical capital stock @r
in pollution control (B). Therefore, an additional restriction must beasgd in the following way:

Yi=FK)>C+ | +E. (12)

The usual equation for physical capital accumutai® thus stated, and is the rate of capital
depreciation:

K,= 1, - 8K, (13)

At this stage we have the equations to setup thienapcontrol problem, but it is reasonable to
suppose that physical capital also produces poliuti addition to output. It is also worth notirtat
by devoting output to pollution control, the comrtyrcan lower the amount of pollution generated,
refreshing air quality. Note that there is no stackumulation of pollutant in this model, whichais
recognizable shortcoming. But, as in Forster (19803an be easily introduced without substantial
changes.

Therefore, following Foster (1973), we can formelah equation for pollution determination as:
P.=P(K, E), (14)

whereoP/oK; > 0, aZP/aKf > 0,0PlE <0 andazP/aEt2 > 0. Finally, the last equation to consider in
order to setup the optimal control problem is tinedrly separable utility function, assumed to be a
function of consumption &nd pollution B:

U(Ct, R) = Uy(Cy) + UA(P), (15)

where the marginal utility of consumption is poastbut diminishing as usual, and the marginaltytili
of pollution is negative and decreasing. Now weragy to state the optimal control problem. The
objective is to maximize the discounted flow ofitytiover an infinite time horizon. The problemtis
find an optimal path for the variables in order to:

Max IZOU(Ct, Pt)é dt, (16)

subject to:
a) Ki=1-8K, K given.
b) R=P(K,E), R>0.

c) FK)>C+I+E, E>0.

To analyze the solution for this problem, we nesdormulate the current Hamiltonian, which in
this case is as follows:

H = U(C, R) + Ali- 8K + MIF(KY) - G- |- E] + o + 6P an

Again, A is the shadow-price of capital. We have a sinplablem as the one we derived in the last
model of optimal capital accumulation in the preseaf a depletable resource. The only difference is
that the very last two terms in (17) and the fhet transversality conditions do not have a rolplay,
as stated in Chiang (1992), given the infinite-bomni feature of this problem. The derivation of the
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optimal conditions leads to the following equatiafsmotion for the two loci in consumption and
capital accumulation:

C.= U'U," [r + & - OPIOK, /8P JOE, - F'(K)], (18)
K=, - 8K,

Using these two equations we can investigate thawer of the capital stock in the {(kG)-space in
a somewhat mirrored manner we mentioned earliere Tetailed phase-diagrammatical and
mathematical analysis for the solution of this peabis presented in Forster (1973). The relevant
result coming from this optimal environmentally aded growth model points out that when pollution
is accounted for, the production process tends lmayar physical capital stock accumulation than
when pollution control is not considered, the saalitative result attained in our earlier analydis
the depletable natural resource model.

Having presented the two pioneering optimal ougpotvth models accounting for environmental
issues, on the one hand, considering exhaustibleataesources, and on the other, pollution agevas
generation, we should say that these refinemeetsngportant improvements in terms of offering a
solid theoretical frame to advise environmentaligyolin practice. Surely, at least in terms of
considering the introduction of environmental issube models discussed above seem to have their
relevance for the design and implementation ofcgobin this matter. As posed by Auty (2007),
introduction of environmental variables into outmrbwth models has helped by “reinforcing the
rationale for the sound management of natural ressuand also ... providing an index of policy
sustainability” (p. 627).

It is true that depletable resources, pollutionegation, output production and consumption are all
interrelated issues, and thus, to be fully compdeieh models would have to consider all at the same
time. Another set of criticisms refers to the folramd mechanistic manner upon which optimal
control models are based. To deal with environnleistsues in a pertinent way, political and
institutional frameworks must play a very importaoie, a feature that the formal analysis of optima
control theory is far from acquiring. A recent adimiition considering an institutional framework
under an optimal dynamic setup applied to outpatipction is Costantini and Monni (2008).

Rethinking the main point, it was seen in Sectidatural Capital and Sustainability: a Qualitative
Conceptual Approach’ that in order to attain sunsthility a pre-requisite is to preserve the totatk
of natural capital. In Section ‘Environmentally Bads Output Growth Models: an Analytical
Apparatus’, the analysis of the two pioneering andironmentally-sounded output growth models
showed that to control the exhaustion of honrenéawvaatural resources or the generation of pollution
the rate of production growth has to be reducedelgeer, it was suggested that it is possible taupet
a way allowing for depletion of nonrenewable resesrand, at the same time, compensating such
environmental damages with improvements upon théable stocks of renewable natural capital, and
thus sustainability could be obtained even wittmaed for reducing an economy’s output production.

INTEGRATING THE QUALITATIVE-ANALYTICAL APPROACHES TOWARDS A NEW
CONCEPTUAL PERSPECTIVE ON SUSTAINABILITY

Many authors have considered alternative ways ptoéxnatural resources under sustainable rules,
as production growth paces its trajectory. Amiglessard, Gaudet and Moreaux (1998) show that by
using the general equilibrium approach, the ordexxtracting a depletable natural resource isaa st
with the most expensive one, when renewable subesitare available. Holland (2003), in a partial
equilibrium analysis, presents an interesting Gdteto optimally use natural exhaustible resources
taking into account different orders of extractiant necessarily starting with the most expensive o
Chakravorty, Moreauxt al. (2006) affirm that if exhaustible natural resowege differentiated by
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cost, than the cheapest one must be exploited Atsb, Chakravorty, Magné and Moreaux (2006),
referring to the Kyoto Protocol, suggest that thimtj use of nonrenewable (coal) and renewable
natural resources (solar energy) must be imposed iéthe renewable solar energy is relatively more
costly than coal.

Lafforgue, Magné and Moreaux (2007) present anréstng optimal control application on a
depletable and polluting natural resource (fosml) considering, at the same time, a clean rebkewa
resource (air). They conclude that pollution camgéeerated, but a ceiling has to be imposed, mganin
that the dirty absorption by the clean renewab$®uece can only start when the ceiling is bidding.
Moreover, Lafforgueet al (2007) show that “if the renewable natural reseus abundant, optimal
sequestration only has to be implemented oncedifiagis reached” (p. 1).

Considering these relevant contributions, the twemgering output production models analyzed in
Section ‘Environmentally Based Output Growth Models Analytical Apparatus’, and the definition
of natural capital and its related qualitative ctcof sustainability developed in Section ‘Natural
Capital and Sustainability: a Qualitative Concep#gproach’, we can imagine a scenario where, as
long as depletion of nonrenewable natural resoureda course, the augmentation of renewable
natural resources can feasibly occur, and thuswapeespective on appraising sustainability can be
offered, without implying diminishing produced outp

As showed in Section ‘Natural Capital and Sustalitgba Qualitative Conceptual Approach’, the
total stock of natural capital is the simple sumited stocks of nonrenewable and renewable natural
resources. Sustainability is attained as long astitire stock of natural capital remains into fetat
least at the same level as it is today. Thus, jidssible to setup a way, based on the theoretical
support used, to obtain sustainability, even ifaNlew for bounded depletion of nonrenewable natural
resources.

Therefore, we can list two ways to reach sustalitabn the presence of nonrenewable natural
resource depletion, but, at the same time, alloiénghe accumulation of renewable natural capijal:
use part of the prospects earned in productionitiet that deplete nonrenewable natural resources
increase investments towards (or to improve coomtirelated to) the augmentation of the stocks of
renewable natural capital; ii) follow the criteri@bove and, at the same time, impose a constraint
ruling the rate of extraction of the nonrenewalgisource to be always less or at least equal tmathe
of regeneration of the renewable natural resource.

In the first model of environmentally sounded growtly Anderson (1972), and also in the updated
set of contributions referred in subsection ‘An Eommentally Based Output Growth Model with a
Depletable Resource’, it was seen that imposingicdens on nonrenewable natural resource uses
will unambiguously decrease the pace of produagimwth and thus the environment with its natural
resources could be better protected. This wasnmigh to achieve sustainability, even though #ris
important way to preserve natural capital stockegdrding the second production model by Forster
(1973), and the other recent contributions refetoeid subsection ‘An Environmentally Based Output
Growth Model with Pollution Generation’, allowingrf pollution controls, the same results are
obtained: production growth is slowed down as adgtare imposed on pollution generation. This is
also not sufficient to attain sustainability, buisi a relevant step towards the main goal of puisg
the stocks of natural resources.

The most important result coming from the joint sideration of these two different pieces of
environmentally-sound growth models is to see hbeytcan offer an important clue, both at the
theoretical and practical point of view, that shiglt on sustainability attainment. In the sustile
development literature it is far more difficult find approaches that bring together depletion and
augmentation of natural resources in a consistamd such as the one presented here, offering a new
conceptual perspective and showing ways to unarobgjy attain sustainability.

Two illustrations can be given in order to highlighal world situations where sustainability could
be under focus and the new sustainable conceptrabgctive used. Suppose that an operating
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industrial plant in a small town depletes its noengable coal input at a given bounded rate of
extraction. It does not matter whether this proucictivity, other than depleting the stock of a
nonrenewable natural resource at the given ratkitpe the environment or not, the local community
can form a coalition to ask authorities to makeittteistry owners invest part of the prospects ehrne
to improve fresh air (as a renewable natural regjuguality in their town. If there is a way to ¢ak
into account the depletion of the nonrenewable rairgtock and the improvements in air quality due
to more financial resources being applied to comlution, the total natural capital stock of the
small town could be at least maintained and suesitdity attained.

Another situation can be conjectured as a locasimgucompany plans to build up a condominium at
a beach front location, bordered by lakes and trEles local community knows that the construction
will damage the natural view of the place, since paradisiacal dunes will disappear, although the
lakes and trees will not be affected. Again, basadthe new sustainable conceptual perspective
developed above, the solution remains with the axiiths to set up a way to obligate the housing
company to invest a corresponding monetary amoeqgtig]l to the contingent value of the two
paradisiacal dunes) to augment the population taf ikees and/or increase birds and fish varietfes.
these arrangements are feasible, sustainabilitypeattained via compensation, a way to maintan th
entire stock of natural capital at least unchanged.

As far as the measurement of environmental vasaldeconcerned, the new rich and growing
approach of contingent valuation can be cited aslevant theoretical development to deal with
skeptical concerns, for instance, measuring paeadisviews, and accounting for the valuations of
tree populations and the beauty of species vasie@aving to these developments, a variety of these
types of environmental variables can easily be rtaikeformal quantitative analysis, as done by
Bateman and Turner (1992), who developed a compsale study on evaluating environmental
resources using the contingent valuation methaekigpng methods and techniques designed to price
environmental goods and services provided by etesgs Also, Turneet al. (2002) critically review
the literature on environmental valuation and codel that net natural capital services value
unambiguously diminishes as biodiversity and edesysdepletion occur. Alternatively, Bateman,
Georgiou and Lake (2005) develop an approach teevagigregate natural resources via estimating a
spatially sensitive value function that predictdezlining value for a natural resource as household
distance from it increases. Azqueta and Sotelsdd07AR argue that economic valuations of
environmental assets are currently well established

THE NEW CONCEPTUAL PERSPECTIVE ON SUSTAINABILITY: IMPLICATIONS TO
ENVIRONMENTAL MANAGEMENT

It should be said that the essay’s main contrilouigonot to implement an empirical application of
any analytical model of optimal environmentally éasoutput growth, but to use the theoretical
support referred to conceive an alternative qualégerspective towards appraising sustainability.

The signaling contribution of this essay, i.e.,ntioig to the possibility of taking into account
environmental assets on production processes,rpiiegehe total sum of these assets (sustainakpility
and at the same time not slowing down the paceutgub production, is an important conjecture to
bring ‘fine-tuning’ both at the environmental andisiness-profit levels. Regarding the latter,
environmental management issues are importaninig brto analysis.

At the industry-firm level, many contributions biffdrent authors relate to this essay’s main tenets
Labuschagne, Brent and Erck (2005) propose a namefwork to assess business sustainability via
introducing economic efficiency and environmentarfprmance into a manufacturing sector’s
operational activities in South Africa, which indid an operational criterion for sustainable uges o
natural resources. Also, Labuschagne and Brent8(208e a technological life cycle management
framework to allow for industrial sustainabilitv der natural resource uses. also in South Africa’'s
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manufacturing sector. Giljum, Behrens, Hinterberdantz and Meyer (2008) model sustainable
scenarios contemplating the “evaluation of thedtseenarios with regard to the extraction of natura
resources on the European and global level, comgjuithat suitable environmental management by
Europe’s industries might lead to unsustainabldepat in natural resources intensive developing
countries” (p. 204).

In short, although the main tenets of this essa&yrmt directly connected to the environmental
management vein, close implications can be givethisnmatter. Thus, it is possible even to improve
upon the two ways, given in Section ‘Integrating fQualitative-Analytical Approaches towards a
New Conceptual Perspective on Sustainability’, rdige the attainment of sustainability under the
new conceptual qualitative perspective offered aludely related to environmental management
works: i) use part of the prospects earned in itrdlisproduction processes that depletes
nonrenewable natural resources (negative impacthenrate of industry production + positive
environmental impact) to increase investments tdadine augmentation of the stocks of renewable
natural capital (positive environmental impact 4siige impact on the rate of industry production,
under certain circumstances); ii) Follow the abonterion and, at the same time, impose a constrain
ruling the rate of an industry extraction of thenrenewable natural resource to be always less or at
least equal to the rate of regeneration of thaisirg correlated renewable natural resource. Asgar
the ‘under certain circumstances’ prevails, cowating the first negative impact due to imposing
restrictions on nonrenewable natural resource bgesdustry production processes, environmental
gains can be obtained with no need for industrglpetion decreases.

Final Considerations

In conclusion of the main arguments, we could getourr simple operational principles in order to
seek sustainability. It should be said that thereehbeen a number of criticisms of the sustairtgbili
literature due to its vagueness in defining keycemts precisely. This essay offers a clear way for
appraising sustainability and pointing to a crdatibased on the theoretical support, to implentent
via the use of an unambiguous definition of nataegdital.

Given these refinements, the following operatigmaiciples could be pursued if sustainability is to
be attained: i) limit industry production scaleadevel that is at least within the carrying capaof
the remaining stocks of natural capital; ii) coneeindustrial production growth within sustainable
patterns, i.e., as efficient-increasing rather thhroughput-increasing, e.g., pollution as waste
generation; iii) impose constraints on the usesarfrenewable natural resources, as advised by the
environmentally balanced output growth models presk iv) exploit renewable natural capital on a
sustainable basis, meaning that extraction ratesll@dhnot exceed regeneration rates, and waste
emissions (pollution) should not exceed the rendsvassimilative capacity of the environment.

These principles can be conceived towards the ifmog of the basic notion that we should satisfy
the needs of the present without sacrificing thiitalof future populations to meet their needs, a
feasible and desirable objective. The challengposed and the consequences of not taking into
account these issues seriously can be disastrabe inear future. A conscious society, includirgg it
institutions, must find mechanisms in order to utelee efforts to make the changes required for
sustainable development. Moreover, to achieve dbil, policy decisions should be supported by
precise definitions of both natural capital andtansbility such as those provided in this essay.
Despite the importance of general policy (macroellewsuch as population control and income
distribution, close attention must be paid to pevaroduction activities (micro level) concerning
natural resource uses. These activities must kesl ndwards maintaining or increasing the current
level of total natural capital, a primary conditifum the attainment of sustainability.

Fortunately, as suggested by Daly (1987), environtalists and economists are now conscious that
there is a bridge connecting production growth amgdronmental issues. The negative by-products of
rapid output growth can be controlled and redu¢edténtion is paid to actions, hopefully supported
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by theory, that impose constraints on output pridncand thereby reduce both pollution generation
and depletion of nonrenewable natural resources.

Regarding the essay’s main contribution, it shdagdsaid that both optimally managing exhaustion
of a depletable natural resource and controllingupon generation over productive processes ate no
enough to attain sustainability, but, as shown,ian@ortant steps towards it. The existing literatur
already well establishes this result and links ibtitput production slowdown, as the analytical eled
have shown us. By integrating the analytical rasoftthe two pioneering models of environmentally
based output growth, the innovative conceptual itiisle perspective offered in this essay goes
beyond showing that there is a possibility opemttain sustainability throughout bounded depletion
of a nonrenewable resource, if compensation wexsoreble to occur via augmentation of the stocks
of renewable natural resources. Moreover, this lmarattainable even with no need for depleting
physical output production.

An important issue, not broached in this essaydeserving a mention, is environmental ethics. It is
known that nature and its natural flows and stazkisnot be treated as standard market goods and
services, and therefore different types of valuretibave to be considered. The analysis undertaken i
this essay does not consider such ethical issaésthas can be considered as part of an economical
anthropocentric perspective. Many Brazilian authsugh as Lima (2004), who criticize conventional
economical-development models in the name of a moc&l-based management of the environment;
and Batata and Siqueira (2006), as using sociatoartivist management to apprise public policy on
environmental issues, have developed importarntaritontributions focusing on the inconsistency of
biased economical approaches to the environmedt{hés could be an interesting direction for future
work on this theme.
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