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Abstract

In this paper we carry out a preliminary exploration of a time scales’ conjecture, which
postulates that “reasonable” notions of sustainability must include a suitable synchronisation
of time scales of both the processes of human development and those of the natural
environment. We perform our analysis within a coarse, five variable, model of man-nature
interactions expressed as a system of differential equations where production and human
capital are coupled with both renewable and non-renewable natural resource. We demonstrate
a phenomenon that we name the “sustainability screw” that describes a spiral like trajectory of
the three key variables: non-renewable and renewable resources as well as the production
capital. Under many plausible scenarios, this spiral tends unacceptably fast to an undesirable
equilibrium. However, we also show that by adjusting the ratio of “intensity of production
effort” and “intensity of abatement effort”, parameters of the relative time scales of production
and natural recovery processes can be altered in a manner that produces, arguably, more
sustainable tra jectories.
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1 Introduction

According to P. Hawken, the author of “The Ecology of Commerce: A Dec-
laration of Sustainability” [8], sustainability is an economic state where the
demands placed upon the environment by people and commerce can be met
without reducing the capacity of the environment to provide for future gen-
erations. While, nowadays, most would agree with the underlying principle
embedded in the preceding statement many still regard it as utopian. Fur-
thermore, whether intentionally or unintentionally, this notion of sustainabil-
ity appears to focus more on the ultimate “system equilibrium”! of human and
environmental interactions rather than on the dynamic nature of these inter-
actions. Concerning the latter, the 1972 “The Limits to Growth” controversial
publication [10] prepared for the so-called Club of Rome, predicted a rather
bleak future for humanity driven by the dynamics of population growth and
environmental exploitation leading to exhaustion. Despite many criticisms of
that report, the incontestable fact remains that - in the regions where both
population and production continue to grow - pressure on natural resources
increases.

Nevertheless, there is also a significant school of thought - sometimes re-
ferred to as “free-market environmentalism” - that places a lot of confidence in
economic development, globalisation and human capital as drivers that elim-
inate poverty and ultimately lead to increased environmental protection and
reduced population growth. Although there are many examples where tech-
nological advances averted negative environmental impacts? there is clearly
a vast array of, potentially, adverse consequences of the existing trends in
man-nature interactions.

Thus an obvious prerequisite for a meaningful discussion on “sustainabil-
ity” is that we first understand, at least qualitatively, the underlying dynamics
of man-nature interactions. It is in this context that we set our goal in this
paper: we want to we carry out a, preliminary, exploration of the following
“time scales™ conjecture” that, in conceptual terms, postulates that reason-
able notions of sustainability must include a suitable synchronisation of time
scales of both the processes of human development and those of the natural

! Also, the notion of providing for future generations leaves scope for interpretation of
what “providing” means.

2For example, the New York city councillors feared at the beginning of the 20th century
that, given the rapid increase of horse driven street cars, the amount of the horse manure
would be unbearable for the city by the early twenties.

3We have borrowed the time scale notion from optimal control, see e.g., [11]. In broad
terms it signifies that, in a multi-variable dynamical system, some variables change signifi-
cantly slower than others.



environment.

A full-scale modelling and exploration of the above conjecture would need
to involve detailed modelling of the biological, chemical and physical processes
and coupling these with economic growth dynamics. The latter is beyond
the scope of this preliminary study. However, we begin by considering the
two aspects that are relatively easy to capture and that, indirectly, affect the
time scales of both the production and natural resource processes. We name
these two aspects “intensity of production effort” and “intensity of abatement
effort”, respectively. We believe that when these are appropriately quantified
and calibrated their ratio strongly, albeit indirectly, reflects the underlying
relative time scales of production and natural recovery processes.

We perform our analysis within a coarse, five variable, dynamical system
where the variables are intended to capture the trends in non-renewable (min-
eral) resources (M ), renewable natural resources (R), production capital (K ),
and human capital (H ). As to the notion of sustainability we will use it to re-
fer to a multi-variable dynamic process, in which no variable diminishes below
some socially acceptable level. This is in the spirit of Aubin’s viability theory
(see [2]) and obviates the requirement to be overly prescriptive in a formal
definition of this fundamental and yet frequently controversial concept. That
formulation obviates the need for an optimisation criterion, under which the
above trends are generated. We note here an enlightening discussion in [1] on
whether optimal solutions can be sustainable. Our approach can be viewed
as, perhaps, more robust than optimisation under the sustainability criterion
proposed there. This is because we allow for social welfare to decrease. In-
deed, in our setting a substantial decrease in the production capital variable
K will be responsible for social welfare decline.

We demonstrate a phenomenon that we name the “sustainability screw”
that describes a spiral like trajectory in the M — R— K phase space of the three
key variables: non-renewable and renewable resources as well as the production
capital. Under many plausible scenarios, this spiral tends unacceptably fast to
an undesirable equilibrium (low-resource, low-production steady state). This
behaviour is illustrated in Figure 1 that is explained in more detail in Section
3.2.

However, we show that there are configurations of the intensity of pro-
duction and abatement parameters that substantially alter the “thread of the
screw” to arrive at a more desirable equilibrium. Of course, the time taken by
the key variables to pass whatever thresholds we might be interested in is inti-
mately related to the thread mentioned in the preceding sentence. Arguably,
controlling that thread by a judicious choice of parameters could “buy time”
for new technologies to become viable in dealing with environmental problems.



Figure 1: Sustainability screw.

The differential equations in the postulated coupled model have been cal-
ibrated to produce trajectories that qualitatively behave like a number of,
historically measured, natural surrogates for the variables in question. In
particular, the shape of the trajectory generated by the homogeneous hu-
man capital equation resembles the global working-age population? growth.
Similarly, the shape of the trajectory generated by the renewable resources
equation resembles the trend of the planet’s biocapacity as modelled by the
Global Footprint Network [12]. See Section 3 for details of these calibrations.

We hope that this preliminary discussion of the times scales’ conjecture and
the sustainability screw will stimulate further research aimed at identifying,

4We proxy human capital by working-age population.



perhaps, more sustainable development pathways than those practiced in the
recent decades.

What follows is a brief outline of what this paper contains. The core
dynamic model is formulated and calibrated in Section 2. We analyse the
business-as-usual time profiles of the variables of interest in Section 3. In
Section 4 we generate alternative time profiles that correspond to different
time scales of the production and abatement processes. We end the paper with
the Concluding Remarks aimed at stimulating a further discussion around the
sustainability screw.

2 The model

2.1 Systems dynamics

We begin by considering the following variables that relate to a country, region
or otherwise a “closed” system:

Time: t € [0, 00).

e Non-renewable resource: M(t) € R4, Vt.

Renewable resource: R(t) € R, Vt.

Production capacities: K (t) € R4, Vt.
e Abatement capital: Q(t) € Ry, Vt.

e Human capital: H(t) € Ry, Vt.

In Section 3, we will suggest which information gathered statistically can prozy
the above variables’ historical time profiles. This will also enable us to make
their meaning more precise.

The nature-man system that we purpose to consider is portrayed by five,
coupled, ordinary differential equations.

The first equation describes the non-renewable resources M. By its very
nature M is a diminishing variable. However, due to discovery, it may tem-
porarily grow. We will use the following mathematical expression for M(t), t €
[0, 00):

M = —pyM + Ce™, (1)

where coefficients ¢p; > 0,C > 0,6 > 0. The amount @y M represents the
non-renewable resource contribution to the growth of production capacities



K, see equation (3). If no new resources are discovered then M(t) decays
exponentially, at a constant rate ¢,;. The exogenous term Ce 0t represents
the yet to be discovered resource; its long run value is zero as a consequence
of the non-renewable nature of these resources.

The second equation describes the renewable resources R; we can also think

1
that — is a measure for aggregated environmental pollution. The dynamics

of this variable is such that, if unperturbed and not too much depleted, it
should converge to some pristine value R (probably once attained in the remote
past). On the other hand, the resources availability will worsen if certain level
of “pollution” is exceeded and the resources lose the capacity to renew. In
that case we expect R to converge to some low value R. This implies that
the homogenous solution to an equation for R needs to bifurcate at some
critical level R. > 0. We propose the following mathematical expression for
R(t), t € [0,00) that contains a logistic growth term:

v

> —¢rR +70Q. (2)
Coefficient 0 > 0 weighs the strength, with which R follows the convergence
paths to R or R, relative to the other (i.e., “intra-systemic”) effects. Positive
constants 7y, b, a describe the logistic growth function for R. The amount
wrR, pr > 0 represents the renewable resource contribution to growth of
production capital K, see equation (3). On the other hand, voQ, (¢ > 0)
represents the positive impact of abatement capital on the resource renewal.

The third equation describes the production capital K. When it is fully
utilised, then K will determine consumption. We assume the dynamics of this
variable is linear

K =puM + ¢orR — (¢ + ¥k + k) K + ouH (3)

All coefficients ¢, ¥k, kK, @H are non negative; in particular, ¢ > 0 charac-
terises the depreciation rate of K. Quantities ¥ x K and ki K represent the
capital sector’s contributions to the growth of abatement capital (see (3)) and
of human capital (5), respectively’. The amount oy H captures the abatement
intensification attributable to human capital.

The fourth equation describes abatement capital Q). We assume the dy-
namics of this capital to be linear:

Q=vxK — Q. (4)

SHowever, as explained after equation (5), the medium-term human capital growth is
assumed autonomous in this model.




For simplicity, we assume that () grows at a rate that is proportional to the
production capital K and is depleted at a rate proportional to its own size.
As its sole purpose is to alleviate pressures placed on the renewable resources
by the production processes, () does not depreciate of its own accord because
the production sector takes full care of its maintenance.

The fifth equation describes formation of human capital H. We assume
the dynamics of this process is nonlinear:

H:a(l—c(;’[KJH, (5)

where a > 0. We further assume that ¢(R, K) = const > 0. This reflects our
view that most of people who constitute (or will constitute) human capital
in the period that corresponds to a “medium-term” planning horizon (30-50
years, say) have already been born. However, ultimately, it will be natural to
make explicit the dependence of ¢(R, K) on availability of the natural resource
R (or its reciprocal that carries information about levels of pollution) and the
consumption levels as represented by production capacities K. A possible
functional representation of such a “well-being” dependence of on R and K
might be of the form:

o e (6)

¢(R,K)=c (l—l—R_RO +K_KO>, >0
where the terms inside the bracket could be positively weighted; in particular
the second term’s weight could depend on k.

While, at first sight, the human capital expression (5) may appear radically
different from the classical so-called “Lucas-Uzawa” formulation (e.g., see [9]),
in fact it is quite consistent with the latter, if we interpret the factor 1 — ﬁ
as an “implicit control” of the carrying capacity of the environment on the
growth of the human capital. Certainly, the potentially limiting impact of
the carrying capacity of the natural environment on human civilisation is well
documented in history (e.g., Easter Island in 16th and 17th centuries)

Furthermore, we suppose that - after a suitable normalisation - the state
variables assume known values My =1,Ry=1,Kyp=1,Qo =1 and Hy =1
at some initial time ¢ = 0. This is sufficient to capture our interest in the

variables’ variation rather than in their absolute levels.

2.2 Calibration and uses of the model

We need to calibrate the model (1)-(5) of Section 2.1 so that it is, qualita-
tively, consistent with historical trends and/or widely accepted projections for



appropriate surrogates of the variables of interest. Towards that goal we col-
lected statistical data on historical profiles of real variables that can proxy our
hypothetical variables M, R, K, and H. The profiles should match, at least
qualitatively, the model’s trajectories for certain, default, parameter values.

Projections from the so calibrated model (1)-(5) will constitute a status-
quo or a business-as-usual, benchmark, scenario. It will be seen that this
benchmark scenario demonstrates the highly undesirable behaviour whereby
the essential variables M, R, K all spiral down to unacceptably low levels.

We will also produce time profiles obtained for a modified parameter set
where the modifications will correspond to policies of time synchronisation
between human efforts and the natural processes. A joint presentation of
evolutions of the M, R, K variables in the three dimensional space — the sus-
tainability screw — will be used for visualisation of sustainability analysis. In
particular, the status-quo projections will be compared with those obtained
for a (better) synchronised policy.

3 Model calibration

3.1 Historical time profiles
3.1.1 M - Non renewable resources

We consider oil reserves as a proxy for M. We believe oil will condition the
other variables behaviour in a short-to-medium term (30-50 years).

Figure 2 is a snapshot of the oil production history, as well as includes
possible future production curve, see [5]. Indeed, depending on how we steer
our oil consumption in the coming years, there can be a number of scenarios.

As the ultimate reserves are finite, the looming fact is that we are depleting
these non renewable resources, faster or slower, sooner or later. Left panel of
Figure 3 is taken from [6]. When we observe what happens after (approxi-
mately) 2005, we can see that an exponential decrease in the oil production is
imminent. In particular, one should expect that the oil stock would drop to
20-30% of its original value, after about 50 years of exploitation. This is the
kind of drop captured by our model, see the right panel of this figure. This
particular profile is a result of running the calibrated model for 50 years, see
Section 3.2 (and Figure 7).
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3.1.2 R - Renewable resources or R - state of environment

We consider biocapacity® of the planet earth (see, [7]) as a proxy for R.

The Living Planet Report 2006 [7] confirms that we are using the planet’s
resources faster than they can be renewed - the latest data available indicate
that humanity’s Ecological Footprint, our impact upon the planet (see [7]), has
more than tripled since 1961. Our footprint now exceeds the world’s ability
to regenerate by about 25 per cent.

model R time profile
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Biocapacity is assumed to
fall to the productivity level

1961-2003. ' of 1961 or below if overshoot 104
== Ecological Footprint continues to increase. This
== Biocapacity decline might accelerate

Accumulated as ecological debt grows, 102
ecological debt and these productivity losses
may become irreversible.
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Figure 4: Ecological Footprint and Biocapacity

The left panel of Figure 4 is taken from [7]. The historical part of the
biocapacity and footprint data is shown in darker grey shaded region and it is
almost constant. We observe that biocapacity is almost constant in the consid-
ered period. The line shown in the right panel of this figure is obtained from
our calibrated model. While it is almost flat at the beginning, it starts falling

5Total biocapacity is measured in global hectares - defined as the total biocapacity divided
by the total physical area generating it. In 2003, the earth’s total biocapacity was stated to
be 11.2 billion gha (Ggha). However, a more useful measure is the biocapacity per head of
population in units of global hectares per capita (gha/cap). This describes the average land
area available to sustain each person. In 2003, since there was a population of 6.3 billion
humans sharing the earth’s 11.2 Ggha, the biocapacity was therefore 1.784 global hectares
per person.



sharper than the Living Planet predictions. However, notice that in the com-
ment placed on their figure Living Planet expects the “decline to accelerate”.
This is what might happen due to a sharp increase of the production capital
that we observe in Figure 5. (For the full time profiles of the calibrated model
for 50 years, see Section 3.2 and Figure 7 in particular).

3.1.3 K - Production capital

We will consider GDP (Gross Domestic Product) as proxy for production
capital K. Figure 5 left panel depicts World GDP time profile. We also show
the time profile of GNI, which grows in a similar pace but more smoothly
(both are in Current US dollars per capita, PPP7).

GDP,GNI in milions model K tme prfle

1980 1985 1990 1995 2000 2005 0 A A
years Jedls

Figure 5: World’s GDP and GNI profiles.

Gross Domestic Product (GDP) per capita, is the total annual output of a
country’s economy, given here in current international dollars. As is custom-
ary, GDP per capita is the total market value of all final goods and services

"PPP is purchasing power parity. An international dollar adjusted for PPP has the
same purchasing power over GDP (or GNI) as a U.S. dollar in the United States and buys
an equivalent amount of goods or services irrespective of the country. PPP rates provide
a standard measure allowing comparisons of real price levels between countries, just as
conventional price indexes allow comparison of real values over time. Values are in current
dollars and are not adjusted for inflation.
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produced in a country in a given year, equal to total consumer, investment,
and government spending, divided by the mid-year population.

On the other hand, Gross National Income (GNI) measures the total do-
mestic and foreign value added claimed by residents. GNI comprises gross
domestic product (GDP) plus net receipts of primary income (compensation
of employees and property income) from nonresident sources.

As we see in Figure 5 left panel, each of these indices’ growth averages
about 6% p.a. Data for Figure 5 are taken from World Bank [14].8

We observe that the data on GDP (and GNI) follow a convex graph in the
historical period. Basic intuition suggests that the process of growth corre-
sponding to these profiles is unsustainable. Furthermore, the data for the last
decade must have been “contaminated” by the financial bubble (which burst
in 2008). All this and also because our model variable is production capital K,
and GDP (or GNI) serves as a “proxy” for the former, compel us to propose
a model for K that can produce concave profiles. The right panel of Figure 5
is a fragment of the calibrated model profile (run for 50 years, see Section 3.2
and Figure 7 in particular). We notice that the (concave) model time profile
replicates the fast growth in the historical data for the last eight years ?.

3.1.4 (@ - Abatement capital

We did not find reliable data on global abatement capital. Some countries
publish their data on proportions of GDP spent on abatement. A rather
obvious conclusion from the proportions analysis is that ¢ grows when K
grows, albeit not necessarily at the same velocity. See Figure 7 in Section 3.2
for the calibrated model profile of abatement capital.

3.1.5 H - Human capital

We consider world’s working-age population as a proxy for this variable. The
solid (blue) line in left panel of Figure 6 shows world population of 15 to 65
years old from 1950 till current and the projection until 2050. Data source is
[13].

The dashed line (black) represents the working age population numbers
obtained from equation (5) calibrated for the “natural” units i.e., billions.
The right panel of Figure 6 presents the time profile of H, which is the same
profile as in the left panel but re-scaled and presented in relative terms. We

8The same data are also available at World Resources Institute’s data site, [13].
o GNI(2007) K(8)

=1.67;, —* = 1.68.
aNi2o00) ~ 97 ) = o8
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Figure 6: World’s working age population.

notice a high degree of coincidence between both the model and historical data
after 2000.

Typically, it is very difficult to obtain historical data such as these or to
find them in the open literature. Notable exceptions are [3] and [4]'9. We
believe the concordance of the calibration run with the 2000-2006 panel data
is a reasonable test that our model has passed. We also notice that these data
(i.e., [13]) were used by other institutions for “sustainability” projections;
in particular, World Bank uses data on working-age population to compute
dependency ratio. Furthermore, our forecast (until 2050) matches that of [13].

3.2 Calibration runs

The calibrated parameter set used in the runs generated below is as follows:
wpm = 0.03,C = 0,0 = 3.4852943 ;v = 2,b = 35.0625,a« = 3.718,pp =
0.35,79 = 0.07,¢ = 0.1054 , ¥ = 0.075,kx = 0.1, ¢y = 0.1,a = 0.0479114 ,c =
6.091 - 10°.

Figure 7 shows the calibrated model runs for 50 years. The initial time
is identified as 2000. The results for the first 5-8 years of each variable’s run

'0Gathering historical data enabled those authors to develop a quantitative theory to link
population density to human capital formation.
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have been commented in Section 3.1. We have concluded that, in broad terms,

the opening fragments of the calibrated runs correspond to their respective
historical data.

rapid growth for 10 years (~7% p.a.) then disaster
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Figure 7: Calibration runs.

The continuations of the historical runs, according to our model, predict
a rather gloomy future: the fragile balance of renewable resources is tipped
down and they become in low supply. This, together with gradual exhaustion
of nonrenewable resources, causes production capital to decline, which eventu-
ates in less abatement capital contributing to resource renewal. This situation
is captured by the “sustainability screw” already shown in Figure 1 in the
Introduction. We see that as nonrenewable resources M become scarce, spi-

raling “down” are both the renewable resources R and the production capital
K.
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Consider the following ratio index

_ M+ Or+ PH
Q '

A (7)
The numerator is a sum of coefficients that describe the amounts of resources
(non-renewable, renewable and human) utilised for growth of production cap-
ital K. Coefficient g is the denominator and describes how much production
capital is devoted to help regrow renewable resources. The larger the nu-
merator, the faster K increases; the larger the denominator, the faster the
renewable resources recover.

In view of the above, we can view A as the ratio of the “intensity of pro-
duction effort” over the “intensity of abatement effort”. We conjecture that
A conveys information on how human and natural processes are synchronised
and influences the relative time scales of production and natural recovery pro-
cesses. In particular, larger values of A will signify that K growth dominates
that of R.

The value of this index computed for the “screw’
duction is A = 6.8571.

Y

in Figure 1 in the Intro-

4 Policy runs

Suppose that there is a possibility of diminishing the value of ¢ (previously
set at 0.35) by a factor of % to the new value of pr = 0.2333. This could be
a political decision or a result of market forces.

A smaller ¢ would correspond to a slower exploitation of renewable re-
sources. Presumably, the variable R would thus be able to re-grow and leave
the dangerous zone of where a bifurcation!! to the low steady state may oc-
cur. The value of A for pp = 0.2333 (and when the other parameters remain
unchanged) is A = 5.1905.

Figure 8 shows the time profiles of the model variables after ¢ was di-
minished in year 9.

We observe that dedicating less renewable resources to K has a negative
effect on growth. However, more resources R become available (dash-dotted
line) and they feed into the growth process of capital that quickly recovers
and overtakes the path corresponding to the business-as-usual scenario.

While we cannot claim that the pace of those changes is reproduced by
Figure 8 exactly, we are certain to have captured a reaction of the man-nature

"'We remind the reader that the growth function in equation (2) is logistic and that the
corresponding time profile of R can converge (bifurcate) to a “low” or “high” steady state.

14



Figure 8: Bifurcation in R (¢r down).

system, represented by equations (1)-(5), to a change in the time-scale of the
component processes .

Figure 9 shows the bifurcated sustainability screws for ¢ diminished in
year 9. We observe that after R stabilised at the “high” steady state, produc-
tion capital grew substantially which resulted in high abatement capital that
helped nonrenewable resources to remain at the high steady state.

Diminishing ¢r might be perceived by some (politicians) as a “negative”
modification because it depresses (albeit temporarily only) the production
capital growth. Increasing g should not have that connotation yet it should
induce a similar result in terms of a long-term improvement of the system
sustainability.

Assume yg = .1202, which corresponds to an increase in abatement capital

15
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Figure 9: Bifurcated sustainability screws.

use of about 72%. Figure 10 shows the time profiles of the model variables
after 7o was increased in year 9.

16



25 d

.

Figure 10: Bifurcation in R (g up).

Expectantly dedicating more abatement capital to R has a temporary di-
minishing effect on the abatement capital stock. The production capital sta-
bilises for some time mainly because the renewable resources do not grow. On
the other hand, the drop of R is averted and, after some period of zero growth,
this resource converges to the “high” steady state. This enables production
capital to grow as well. In turn, the abatement capital grows too that further
stablises R at the high steady state.

Again, we cannot claim that the pace of those changes and the levels of
the variables are reproduced by Figure 10 exactly. However, we can see a
possible reaction of the man-nature system, represented by equations (1)-(5),
to a change in the time-scale of the component processes.

17



Figure 11 shows the bifurcated sustainability screws for v increased in
year 9. The processes depicted in this figure behave qualitatively similar to
those presented in Figure 9.

Figure 11: Bifurcated sustainability screws.

5 Concluding remarks

As mentioned earlier, we hope that this very preliminary discussion of the
times scales’ conjecture and the sustainability screw will stimulate further
research aimed at identifying more sustainable development pathways than
those practiced in the recent decades. Perhaps, one of the essential aspects of
modelling human-nature interactions is that it, inevitably, involves two sets of

18



time scales: the physical, chemical and biological scales of our planet and its
biosphere and the human generated time scales of population and economic
growth. We would like to argue that when these two sets of time scales are
sufficiently ”out of synch”, the trajectories of many key variables in the global
human-nature system will naturally follow pathways that most people would
deem “unsustainable” according to any reasonable notion of sustainability.

Since, the parameters affecting the time scales of natural processes are
largely beyond human control!?, it is natural to focus on adjusting parame-
ters that affect the time scales of human development processes, such as the
“intensity of production effort” and “intensity of abatement effort” parameters
experimented with in this paper.

We conclude by pointing out that this kind of parametric adjustment of
the “relative velocities” of equations in a dynamical systems links closely to
the rapidly developing subject of singularly perturbed systems. These are sys-
tems whose behaviour with nonzero values of certain parameters (no matter
how small they are) is essentially different from that when the parameters
are equal to zero. In analysing such systems we must consider what would
happen if our estimate of a given parameter were given a slightly different
value? Will the systems evolve in the same way with only slight changes to
the outcomes, or will they evolve in a radically different way? An analogy
with environmental systems is natural: Which human induced “perturbations”
dissipate harmlessly, and which fundamentally alter the system?

Frequently, a singularly perturbed system refers to a dynamical system
containing slow and fast components which change their values with rates
proportional to zero powers (slow) and negative powers (fast) of a small pa-
rameter. A general approach to singularly perturbed optimal control problems
was proposed in [11]. It is based on the capability (in many cases) to approx-
imate the slow motions by the solutions of a certain averaged control system.
In this averaging process the fast dynamics are not neglected. Indeed, the
fast variables are controlled in such a way as to attain a desirable steady state
distribution with respect to the slow variables. An analogy with the more
sustainable land use practices in many traditional societies (such as periodic
resting of paddocks, rotation of crops or selective harvesting of timber such as
in the Menominee Indian Forest) seems irresistible.

120f course, some would argue that technologies such as genetically modified foods are a
counter-example to this rather sweeping statement.

19



References

1]

Arrow K., Dasgupta P., Goulder L., Daily G., Ehrlich P., Heal G., Levin
S., Maler K., Schneider S. Starrett, and Walker B., 2004, “Are we con-
suming too much?” Journal of Economic Perspectives, 18(3), pp. 147-172.

Aubin, J.-P., 1997, Dynamical Economic Theory - A Viability Approach.
Springer.

Boucekkine, R., de la Croix, D., Peeters, D. 2007, “Early literacy
achievements, population density, and the transition to modern growth”,
Journal of the European Economic Association 5, pp. 183-226.

Boucekkine, R., de la Croix, D., Peeters, D. 2007, “Demographic, Eco-
nomic, and Institutional Factors in the Transition to Modern Growth in
England: 1530-1860”, Population and Development Review Supplement
2008, v. 34, pp. 126-48.

Campbell, C. and Laherrere, J., (1998), “The End of Cheap Oil”,
Scientific American 278(3), pp. 60-65.

Campbell, C. J., (1996), The Twenty First Century The World's En-
dowment of Conventional Oil and its Depletion. Version available at
http://www.hubbertpeak.com/campbell/camfutur.htm

The Living Planet Report.(2006) Published by WWF, Switzerland available
at

http://www.panda.org/news _facts/publications/living planet_report

Hawken, P., (1994), The Ecology of Commerce: A Declaration of Sustain-
ability. HarperBusiness, New York.

Lucas, R.E., 1988, “On the mechanics of economic development.”
Journal of Monetary Economics, 22, pp. 3-42.

20



[10] Meadows, D.H, D.L. Meadows, J. Randers and W.H. Beyrens, 1972, “The
Limits to Growth”. A report for the Club of Rome. Earth Island Ltd.

[11] Gaitsgory, V. and M.-T. Nguyen, 2002, “Multiscale singularly perturbed
control systems: Limit occupational measures sets and averaging”. STAM
J. Control Optim., 41, pp. 954-974.

[12] Humanity's Footprint 1961-2003, available at
http://www.footprintnetwork.org/gfn_sub.php?content=global_footprint
on 21 October 2008.

[13] World Resource Institute. data available at
http://earthtrends.wri.org/text/economics-business/variable-638.html

[14] http://ddp-ext.worldbank.org/ext/ddpqq/
member .do?method=getMembers&userid=1&queryId=135

21



99.

98.

97.

96.

95.

94.

93.

92.

91.

90.

89.

88.

87.

86.

85.

84.

83.

82.

81.

80.

79.

Environmental Economics & Management Memoranda

Rabah AMIR, Marc GERMAIN, Vincent VAN STEENBERGHE. On the impoact of innovation on the marginal
abattement cost curve. Journal of Public Economic Theory, 10 (6), 985-1010.

Maria Eugenia SANIN, Skerdilajda ZANAJ. Clean technology adoption and its influence on tradeable emission
permit prices. April 2009 (also CORE DP 2009/29).

Jerzy A. FILAR, Jacek B. KRAWCZYK, Manju AGRAWAL. On production and abatement time scales in
sustainable development. Can we loose the sustainability screw ? April 2009 (also CORE DP 2009/28).

Giorgia OGGINI, Yves SMEERS. Evaluating the impact of average cost based contracts on the industrial sector in
the European emission trading scheme. CEJOR (2009) 17: 181-217.

Marc GERMAIN, Henry TULKENS, Alphonse MAGNUS. Dynamic core-theoretic cooperation in a two-dimensional
international environmental model, April 2009 (also CORE DP 2009/21).

Henry TULKENS, Vincent VAN STEENBERGHE. "Mitigation, Adaptation, Suffering" : In search of the right mix in
the face of climate change, June 2009.

Luisito BERTINELLI, Eric STROBL. The environmental Kuznets curve semi-parametrically revisited. Economics
Letters, 88 (2005) 350-357.

Maria Eugenia SANIN, Francesco VIOLANTE. Understanding volatility dynamics in the EU-ETS market: lessons
from the future, March 2009 (also CORE DP 2009/24)

Thierry BRECHET, Henry TULKENS. Beyond BAT : Selecting optimal combinations of available techniques, with
an example from the limestone industry. Journal of Environmental Management, 90 (2009) :1790-1801.

Giorgia OGGIONI, Yves SMEERS. Equilibrium models for the carbon leakage problem. December 2008 (also
CORE DP 2008/76)

Giorgia OGGIONI, Yves SMEERS. Average power contracts can mitigate carbon leakage. December 2008 (also
CORE DP 2008/62)

Thierry BRECHET, Johan EYCKMANS, Frangois GERARD, Philippe MARBAIX, Henry TULKENS, Jean-Pascal
van YPERSELE. The impact of the unilateral EU commitment on the stability of international climate agreements.
(also CORE DP 2008/61)

Raouf BOUCEKKINE, Jacek B. KRAWCZYK, Thomas VALLEE. Towards an understanding of tradeoffs between
regional wealth, tightness of a common environmental constraint and the sharing rules. (also CORE DP 2008/55)

Thierry BRECHET, Tsvetomir TSACHEV, Vladimir VELIOV. Prices versus quantities in a vintage capital model.
March 2009 (also CORE DP 2009/15).

David DE LA CROIX, Davide DOTTORI. Easter Island’s collapse : a tale of a population race. Journal of Economic
Growth, 13 :27-55, 2008.

Thierry BRECHET, Stéphane LAMBRECHT, Fabien PRIEUR. Intertemporal transfers of emission quotas in
climate policies. Economic Modelling, 26(1) : 126-143, 2009.

Thierry BRECHET, Stéphane LAMBRECHT. Family altruism with renewable resource and population growth.
Mathematical Population Studies, 16 :60-78, 2009.

Thierry BRECHET, Alexis GERARD, Giordano MION. Une évaluation objective des nuisances subjectives de
I'aéroport de Bruxelles-National. Regards Economiques, N° 66, Février 2009.

Thierry BRECHET, Johan EYCKMANS. Coalition theory and integrated assessment modeling : Lessons for
climate governance. In E. Brousseau, P.A. Jouvet and T. Tom Dedeurwaerder (eds). Governing Global
Environmental Commons: Institutions, Markets, Social Preferences and Political Games, Oxford University Press,
2009.

Parkash CHANDER and Henry TULKENS. Cooperation, stability, and self-enforcement in international
environmental agreements : A conceptual discussion. In R. Guesnerie and H. Tulkens (eds). The Design of
Climate Policy, CESifo Seminar Series, The MIT Press, 2008.

Mirabelle MUULS. The effect of investment on bargaining positions. Over-investment in the case of international
agreements on climate change. September 2008



78.

77.
76.

75.

74.

73.

72.

71.

70.

69.

68.

67.

66.

65.

64.

63.

62.

61.

60.

59.
58.

57.

56.

55.

54.

Pierre-André JOUVET, Philippe MICHEL, Pierre PESTIEAU. Public and private environmental spending: a
political economy approach. Environmental Economics and Policy Studies, Vol 9 (3) : 177-191 2008.

Fabien PRIEUR. The environmental Kuznets curve in a world of irreversibility. Economic Theory, 2009.

Raouf BOUCEKKINE, Natali HRITONENKO and Yuri YATSENKO. Optimal firm behavior under environmental
constraints. April 2008. (also CORE DP 2008/24).

Giorgia OGGIONI and Yves SMEERS. Evaluating the impact of average cost based contracts on the industrial
sector in the European emission trading scheme. January 2008 (also CORE DP 2008/1).

Thierry BRECHET and Pierre-André JOUVET. Environmental innovation and the cost of pollution abatement
revisited. Ecological Economics, 65 : 262-265, 2008.

Ingmar SCHUMACHER and Benteng ZOU. Pollution perception : A challenge for intergenerational equity. Journal
of Environmental Economics and Management, 55, 296-309, 2008.

Thierry BRECHET et Patrick VAN BRUSSELEN. Le pic pétrolier: un regard d'économiste. Reflets et Perspectives
de la vie économique, Tome XLVI, n° 4, 63-81, 2007.

Thierry BRECHET. L'énergie : mutations passées et mutations en cours. Reflets et Perspectives de la vie
économique, Tome XLVI, n° 4, 5-11, 2007.

Marc GERMAIN, Alphonse MAGNUS and Vincent VAN STEENBERGHE. How to design and use the clean
development mechanism under the Kyoto Protocol? A developing country perspective. Environmental & Resource
Economics, 38(1) : 13-30, 2007.

Thierry BRECHET en Pierre PICARD. Economische instrumenten voor de regulering van de geluidshinder in de
omgeving van luchthavens? Brussels Studies, nummer 12, 3 december 2007

Thierry BRECHET et Pierre PICARD. Des instruments économiques pour la régulation des nuisances sonores
autour des aéroports? Brussels Studies, numéro 12, 3 décembre 2007, www.brusselsstudies.be.

Thierry BRECHET and Pierre PICARD. Can economic instruments regulate noise pollution in locations near
airports? Brussels Studies, issue 12, 2007 december the 3 , www.brusselsstudies.be

Pierre-André JOUVET, Pierre PESTIEAU and Gregory PONTHIERE. Longevity and Environmental quality in an
OLG model. September 2007 (also available as CORE DP 2007/69).

Raouf BOUCEKKINE and Marc GERMAIN. Impacts of emission eduction policies in a multi-regional multi-sectoral
small open economy with endogenous growth. February 2007 (also available CORE DP 2007/11).

Parkash CHANDER and Subhashini MUTHUKRISHNAN. Green consumerism and collective action. June 2007
(also available as CORE DP 2007/58).

Jakub GROWIEC and Ingmar SCHUMACHER. Technological opportunity, long-run growth and convergence. July
2007 (also available as CORE DP 2007/57).

Maria Eugenia SANIN and Skerdilajda ZANAJ. Environmental innovation under Cournot competition. June 2007.
(also available as CORE DP 2007/50)

Thierry BRECHET and Stéphane LAMBRECHT. Family altruism with a renewable resource and population growth.
October 2006 (also available as CORE DP 2006/35).

Thierry BRECHET, Frangois GERARD and Henry TULKENS. Climate Coalitions: a theoretical and computational
appraisal. February 2007 (also available as CORE DP 2007/3).

Thierry BRECHET. L'environnement dans tous ses états. Regards Economiques, n° 50, 26-32, Avril 2007.

Thierry BRECHET and Susana PERALTA. The race for polluting permitsThierry. March 2007 (also available as
CORE DP 2007/27).

Giorgia OGGIONI, Ina RUMIANTSEVA and Yves SMEERS. Introduction of CO, emission certificates in a
simplified model of the Benelux electricity network with small and industrial consumers. Reprint from Proceedings
of the International Conference on Clean Electrical Power, Capri, Italy, May 21-23, 2007.

Agustin PEREZ-BARAHONA. The problem of non-renewable energy resource in the production of physical capital.
January 2007 (also available as CORE DP 2007/8).

Thierry BRECHET, Benoit LUSSIS. The contribution of the clean development mechanism to national climate
policies. Journal of Policy Modelling, 28(9), 981-994, December 2006.

Ingmar SCHUMACHER. Endogenous discounting via wealth, twin-peaks and the role of technology. November
2006 (also available as CORE DP 2006/104).



53.

52.

51.

50.

49.

48.

47.

46.

45.

44.

43.

42.

41.
40.

39.

38.

37.

36.

35.

34.

33.

Ingmar SCHUMACHER. On optimality, endogenous discounting and wealth accumulation. October 2006 (also
available as CORE DP 2006/103).

Jakub GROWIEC, Ingmar SCHUMACHER. On technical change in the elasticities of resource inputs. November
2006. (also available as CORE DP 2006/63).

Maria Eugenia SANIN. Market Design in Wholesale Electricity Markets. October 2006 (also available as CORE DP
2006/100).

Luisito BERTINELLI, Eric STROBL and Benteng ZOU. Polluting technologies and sustainable economic
development. June 2006 (also available as CORE DP 2006/52).

Marc GERMAIN, Alphonse MAGNUS. Prices versus quantities: Stock pollution control with repeated choice of the
instrument. October 2005. Journal of Computational and Applied Mathematics, 197 (2006) 437-445.

Agustin PEREZ-BARAHONA. Capital accumulation and exhaustible energy resources: a special functions case.
September 2006 (also available as CORE DP 2007/9).

Philippe TULKENS, Henry TULKENS. The White House and the Kyoto Protocol: Double standards on
uncertainties and their consequences. May 2006 (also TERI School of Advanced Studies WP Series #1).

Thierry BRECHET, Pierre-André JOUVET. Environmental innovation and the cost of pollution abatement. January
2006 (also available as CORE DP 2006/40).

Fabien PRIEUR. The implication of irreversible pollution on the relation between growth and the environment: The
degenerate Kuznets curve. February 2006.

Thierry BRECHET, Marc GERMAIN, Philippe MONTFORT. Allocation des efforts de dépollution dans des
économies avec spécialisation internationale. Revue Economique, 57(2), Mars 2006.

Ingmar SCHUMACHER and Benteng ZOU. Habit in Pollution, A Challenge for Intergenerational Equity. March
2006 (also available as CORE DP 2006/6).

Jean-Charles HOURCADE, P.R. SHUKLA and Sandrine MATHY. Cutting the Climate-Development Gordian Knot
— Economic options in a politically constrained world. September 2005.

Urs LUTERBACHER. Climate Change, the Kyoto Protocol, and Transatlantic Relations. November 2005.

Parkash CHANDER and Henry TULKENS. Cooperation, Stability and Self-Enforcement in International
Environmental Agreements: A Conceptual Discussion. July 2005.

Paul-Marie BOULANGER et Thierry BRECHET. Le Mécanisme pour un Développement Propre tiendra-t-il ses
promesses ? Reflets et Perspectives de la Vie Economique, Tome XLIV — 2005 — N° 3, 5-27.

Paul-Marie BOULANGER and Thierry BRECHET. Models for policy-making in sustainable development: The state
of the art and perspectives for research. Ecological Economics, 55, 337-350, 2005.

Johan EYCKMANS an Henry TULKENS. Optimal and Stable International Climate Agreements. October 2005.
Reprint from "Economic Aspects of Climate Change Policy : A European and Belgian Perspective", a joint product
of CES-K.U.Leuven and CORE-UCL, edited by Bert Willems, Johan Eyckmans and Stef Proost, published by
ACCO, 3000 Leuven (Belgium)

Thierry BRECHET and Benoit LUSSIS. The Clean Development Mechanism in Belgian Climate Policy. October
2005. Reprint from "Economic Aspects of Climate Change Policy : A European and Belgian Perspective", a joint
product of CES-K.U.Leuven and CORE-UCL, edited by Bert Willems, Johan Eyckmans and Stef Proost, published
by ACCO, 3000 Leuven (Belgium)

Vincent VAN STEENBERGHE. The impact of banking on permits prices and compliance costs. October 2005.
Reprint from "Economic Aspects of Climate Change Policy : A European and Belgian Perspective", a joint product
of CES-K.U.Leuven and CORE-UCL, edited by Bert Willems, Johan Eyckmans and Stef Proost, published by
ACCO, 3000 Leuven (Belgium)

Johan EYCKMANS, Denise VAN REGEMORTER and Vincent VAN STEENBERGHE. Kyoto-permit prices and
compliance costs: an analysis with MacGEM. October 2005. Reprint from "Economic Aspects of Climate Change
Policy : A European and Belgian Perspective", a joint product of CES-K.U.Leuven and CORE-UCL, edited by Bert
Willems, Johan Eyckmans and Stef Proost, published by ACCO, 3000 Leuven (Belgium)

Johan EYCKMANS, Bert WILLEMS and Jean-Pascal VAN YPERSELE. Climate Change: Challenges for the
World. October 2005. Reprint from "Economic Aspects of Climate Change Policy : A European and Belgian
Perspective", a joint product of CES-K.U.Leuven and CORE-UCL, edited by Bert Willems, Johan Eyckmans and
Stef Proost, published by ACCO, 3000 Leuven (Belgium)



32.

31.
30.

29.

28.

27.

26.

25.

24.

23.

22.

21.

20.

19.

18.

17.
16.

15.

14.

13.

12.

1.

10.

Marc GERMAIN, Stef PROOST and Bert SAVEYN. The Belgian Burden Sharing. October 2005. Reprint from
"Economic Aspects of Climate Change Policy : A European and Belgian Perspective", a joint product of CES-
K.U.Leuven and CORE-UCL, edited by Bert Willems, Johan Eyckmans and Stef Proost, published by ACCO, 3000
Leuven (Belgium)

Ingmar SCHUMACHER. Reviewing Social Discounting within Intergenerational Moral Intuition. June 2005.

Stéphane LAMBRECHT. The effects of a demographic shock in an OLG economy with pay-as-you-go pensions
and property rights on the environment: the case of selfish households. January 2005.

Stéphane LAMBRECHT. Maintaining environmental quality for overlapping generations: Some Reflections on the
US Sky Trust Initiative. May 2005.

Thierry BRECHET, Benoit LUSSIS. The contribution of the Clean Development Mechanism to national climate
policies. April 2005.

Thierry BRECHET, Stéphane LAMBRECHT, Fabien PRIEUR. Intergenerational transfers of pollution rights and
growth. May 2005 (also availabe as CORE DP 2005/42).

Maryse LABRIET, Richard LOULOU. From non-cooperative CO, abatement strategies to the optimal world
cooperation: Results from the integrated MARKAL model. April 2005.

Marc GERMAIN, Vincent VAN STEENBERGHE, Alphonse MAGNUS. Optimal Policy with Tradable and Bankable
Pollution Permits : Taking the Market Microstructure into Account.Journal of Public Economy Theory, 6(5), 2004,
737-757.

Marc GERMAIN, Stefano LOVO, Vincent VAN STEENBEGHE. De l'impact de la microstructure d'un marché de
permis de polluer sur la politique environnementale. Annales d'Economie et de Statistique, n° 74 — 2004, 177-208.

Marc GERMAIN, Alphonse MAGNUS, Vincent VAN STEENBERGHE. Should developing countries participate in
the Clean Development Mechanism under the Kyoto Protocol ? The low-hanging fruits and baseline issues.
December 2004.

Thierry BRECHET et Paul-Marie BOULANGER. Le Mécanisme pour un Développement Propre, ou comment faire
d'une pierre deux coups. Regards Economiques, Ires n° 27, janvier 2005.

Sergio CURRARINI & Henry TULKENS. Stable international agreements on transfrontier pollution with ratification
constraints. In C. Carrarro and V. Fragnelli (eds.), Game Practice and the Environment. Cheltenham, Edward Elgar
Publishing, 2004, 9-36. (also available as CORE Reprint 1715).

Agustin PEREZ-BARAHONA & Benteng ZOU. A comparative study of energy saving technical progress in a
vintage capital model. December 2004.

Agustin PEREZ-BARAHONA & Benteng ZOU. Energy saving technological progress in a vintage capital model.
December 2004.

Matthieu GLACHANT. Voluntary agreements under endogenous legislative threats and imperfect enforcement.
November 2004.

Thierry BRECHET, Stéphane LAMBRECHT. Puzzling over sustainability: an equilibrium analysis. November 2004.

Vincent VAN STEENBERGHE. Core-stable and equitable allocations of greenhouse gas emission permits.
October 2004. (also available as CORE DP 2004/75).

Pierre-André JOUVET Philippe MICHEL, Pierre PESTIEAU. Public and private environmental spending. A political
economy approach. September 2004. (also available as CORE DP 2004/68).

Thierry BRECHET, Marc GERMAIN, Vincent VAN STEENBERGHE. The clean development mechanism under the
Kyoto protocol and the 'low-hanging fruits' issue. July 2004. (also available as CORE DP 2004/81).

Thierry BRECHET, Philippe MICHEL. Environmental performance and equilibrium. July 2004. (also available as
CORE DP 2004/72).

Luisito BERTINELLI, Eric STROBL. The Environmental Kuznets Curve semi-parametrically revisited. July 2004.
(also available as CORE DP 2004/51).

Axel GOSSERIES, Vincent VAN STEENBERGHE. Pourquoi des marchés de permis de polluer ? Les enjeux
économiques et éthiques de Kyoto. April 2004. (also available as IRES discussion paper n° 2004-21).

Vincent VAN STEENBERGHE. CO;, Abatement costs and permits price : Exploring the impact of banking and the
role of future commitments. December 2003. (also available as CORE DP 2003/98).

Katheline SCHUBERT. Eléments sur I'actualisation et I'environnement. March 2004.



Marc GERMAIN. Modélisations de marchés de permis de pollution. July 2003.

Marc GERMAIN. Le Mécanisme de Développement Propre : Impacts du principe d'additionalité et du choix de la
baseline. January 2003.

Thierry BRECHET et Marc GERMAIN. Les affres de la modélisation. May 2002.

Marc GERMAIN and Vincent VAN STEENBERGHE. Constraining equitable allocations of tradable CO, emission
quotas by acceptability, Environmental and Resource Economics, (26) 3, 2003.

Marc GERMAIN, Philippe TOINT, Henry TULKENS and Aart DE ZEEUW. Transfers to sustain dynamic core-
theoretic cooperation in international stock pollutant control, Journal of Economic Dynamics & Control, (28) 1,
2003.

Thierry BRECHET, Marc GERMAIN et Philippe MONTFORT. Spécialisation internationale et partage de la charge
en matiére de réduction de la pollution. (also available as IRES discussion paper n°2003-19).

Olivier GODARD. Le risque climatique planétaire et la question de I'équité internationale dans l'attribution de
quotas d’émission échangeable. May 2003.

Thierry BRECHET. Entreprise et environnement : des défis complémentaires ? March 2002. Revue Louvain.



Environmental Economics & Management Memorandum

Chair Lhoist Berghmans in Environmental Economics and Management
Center for Operations Research & Econometrics (CORE)

Université catholique de Louvain (UCL)

Voie du Roman Pays 34

B-1348 Louvain-la-Neuve, Belgium

Hard copies are available upon request : env@core.ucl.ac.be
Papers are available in pdf format on line : http://www.uclouvain.be/en-21264.html






