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1. Introduction

Since the last century, the world has experienogabrtant changes in demographic
parameters. Better health care and social impromtsrteave decreased infant mortality and
have expanded longevity. As a consequence, wopdlption had increased constantly since
1800 up to approximate 1970, but more recently dnaual growth rate has been declining at
a high pace, showing a visible demographic tramsitiThis transition presents several
aspects, on one side population growth is slowling,also age structure of the population is
changing, decreasing young people and rising tklerlgl proportion of the population.
Moreover, in developed countries, increasing lomtgewand migration has masked an
important reduction trend in fertility. Differenbantries and regions show different stages of
this demographic transition. Many developing coiestrin East and Southeast Asia and
Central and Eastern Europe will experience sigaificaging from about 2020. In other
developing countries, however, the demographicsttiam is less advanced, and working-age
populations will increase in the coming decadesHJI004). The question on how to model
the population changes has motivated demographetssacial scientists to find suitable
models and new ideas. This demographic transititimvest probably have a real impact on
economic growth, and therefore, the developmensaind models will be increasingly
relevant. Moreover, these changes will also impattenergy primary consumption and
carbon emissions, a very sensitive aspect in dgalith global climatic change.

Economic growth has been a major concern amongoetiantheorists for centuries.
Despite the different views, population growth leways played an important role. But,
while some view population as detrimental to ecoicognowth, others see population as a
major contributor. The first type of ideas goes back to the writimjsThomas Malthus
(Malthus, 1798). The reasoning was that since larldnited and has diminishing marginal
returns to its use, as population increases andathé is harvested more intensely, the
economy reaches a zero growth in per capita GDRil&ly, though moving away from fixed
land to the possibility of reproducible capital gspRobert Solow (Solow, 1956) came to the
conclusion that increasing population producewigly economy, since more investment is
needed to maintain the same per capita output. igygpens because, when the ratio of
machines per worker increases, per capita outgueases as well, each time by diminishing
incremental amounts. Hence, at some point, the throate of GDP per capita ends up falling

! For a detailed review of the literature of theetletinants of economic growth, see Barro and X.-SMartin
(1998).



to zero. The “solution” to this trap, brought abdayt the neoclassical economic growth
literature, was to assume that the economy greautir an exogenous technical progress
(see, for example, the Cass-Koopmans-Ramsey mifvdei, Ramsey 1928, Cass 1965 and
Koopmans 1965). The role of technological changgsopulation and economic growth has
also been highlighted in several studies (Schump&®84; Kremer, 1993; and Kozulj, 2003).

But it should also be considered that populatiomngn has two effects: it increases
the number of consumers and at the same time sesethe number of workers devoted to
productive activity and research, as well as thdesof the economy. Hence, the so-called
“endogenous growth models” (lead by Paul Romer Rabert Lucas in the early 80s) were
able to forecast growth of GDP based, not on exagetechnical progress, but rather on the
existence of investment on research and developmemther sorts of externalities that
generate by themselves growth (Romer, 1986; LU@&3; and a review of their research in
Romer, 1994). Hence, a larger population means moaece of having that kind of effect.
The economic theory debate on whether populatiowtr is detrimental or beneficial to the
welfare of humanity essentially comes down to thpasing conclusions of the exogenous
versus the endogenous growth models, or in anotfweds, diminishing returns versus
creation of technology to overcome them. Empingaihe definition of economic growth as
an increase in output per capita implies an inveet&tionship between output (GDP) and
population, but not necessarily as a cause-effeldtionship; if population causes total
economical output to increase faster than populadmes, then it will produce an increase in
per capita output. In fact, data evidence doesumambiguously support either view of
population growth. In any of the discussed apgteacit is clear that there is a strong
interaction between population and economic output.

In this paper, the population dynamics and econarogvth are treated as a dynamic
system described by a set of ordinary differerg@hations in a general form of competing
species. The typical predator—prey model or Lotkaterra relation (Lokta, 1925 and
Volterra, 1926), is well known in the biologicalcaogical and environmental literature
(Carpenter et al., 1994; Janssen et al., 1997; alubtArditi, 2000; Jost and Ellner, 2000;
Shertzer et al., 2002; Beisner et al., 2003, Sorh>dang, 2006, and many others). These
relations have even been applied in other fielolsekample, in atmospheric chemistry (Wang
et al, 2002), in urban growth studies (Capello &adgian, 2002, Dendrinos and Mullally
1981, 1983; Puliafito, 2002, 2004, 2006), in therigt industry (e.g. Casagrandi and Rinaldi,
2002; Hernandez and Leén, 2006). Economic modedsdan prey-predator relations and

system dynamics are used to study the complex &édbbetween economy, population,



labor and capital (Goodwin, 1969; and Samuelsor,11®Voodwell, 1998; Johansen and
Sornette, 2001; Ramos-Gilberto, 2005; Krutilla &elveny, 2006, Forrester, 1961, 1971).

In parallel to the above discussion of the linksdwaen population, GDP and
technological change, there is an equally largerdiire on what are the determinants of
world emissions. The environmental economics liteeaon this issue has two distinct lines
of research. A theoretical one, including pollutionmathematical growth models and an
empirical one, based mostly on different equatispscifications relating mainly carbon
emissions to GDP per capftahe theoretical works analyze the difference betweptimum
and equilibrium and the possible solutions to thap (standards, taxes, etc.), including
modeling of several countries, but with few datarderpart. On the other side, the emissions-
growth debate in the empirical articles is usuadtferred to as Environmental Kuznets Curve
(EKC), since it reflects that there is an invertédelationship between emissions and GDP
per capitd. The intuition of that shape is that at low levefsgrowth, the impact on the
environment is limited. Then, as development takg&s+resource depletion and waste
generation accelerates, while at higher levelsiodme, increased demand for environmental
quality results in a decline of environmental delgteon. For the specific case of carbon
emissions, studies as Holtz-Eakin and Selden (1®&)malensee et al (1998) obtained such
a result. The rest of the determinants of carbomssons (for example, population and
technology) are usually incorporated in the ecortameegressions as “control” in a linear
way. For example, Shi (2003) introduced a linegoyation term, while Neumayer (2002)
included a technology variable, both of which shdwa significant relation with
environmental degradation. However, when more Iillexifunctional forms are allowed a
more complex relationship between carbon emissamuspopulation, and carbon emissions
and technology emerges. For example, in that Illrentz and Feng (2006) found that
population and technology exhibit an inverted Upsdth and U-shaped relationship
respectively with C@emissions.

More on the side of ecological economics literatuhgring the early 1970s, Ehrlich,
Holdren and Commoner proposed the IPAT identityadgst guess to analyze the driving
forces of environmental change, i.e., Commonen.e{1871); Ehrlich and Holdren (1972).
The IPAT calculations establish that environmeirtgdacts are the product or combination of
three main driving forces: population, affluencer(gapita consumption or production) and

technology (impact per unit of consumption or pretchn). IPAT has been widely used to

2 For a review of the literature on economic growd the environment, see Panayotou (2000).



study the effects of human activities on the emmnent (Stern et al., 1992; Harrison and
Pearce, 2000, Harrison, 1993; Raskin, 1995; Yorklet2002). Here, following that same
idea, carbon emissions and energy demand are nabdslalependent on socio-economic
variables.

This paper is organized in the following way. Inc@n 2, we propose a model for
population and economic growth, and we simulatein year 1850 to year 2150. The results
of the simulation studies are then compared to adatbestimations of International Agencies.
In Section 3, we introduce to the same model a setwof equations to estimate the world
primary energy consumption and carbon emission® f@sults are compared to world
agencies estimations as the IPCC Scenarios. Wesdisa Section 4 the sensitivity of the

model and conclude in Section 5.

2. Model and Simulations for Population and GDP Dyamics

2.1 The Model

Lokta and Volterra (Lokta, 1925; Volterra, 1926}stiproposed a relation to explain
the dynamics of two (or more species), known atspray-predator equations. Lokta Volterra
relations (LVR) might be seen as a particularizatmf more general system dynamics
equations. In fact, the LVR can be found in theréture in many different forms and
variations, but it may be written as a set of two hore) ordinary differential equations
(ODE)* Some authors explicitly incorporate a logisticwgtio function for one of the species
(MacArthur, 1970, Armstrong and MacGhee, 1980, Atgaand Holt, 2002; Marchetti et al,
1996, Seidl and Tisdell, 1999). Some other LVR é&qua, especially in ecology, explicitly
specifies a functional response to describe therastion between the two species (i.e.,
Holling, 1959; Blaine, and De Angelis, 1997; Fenlord Faddy, 2006; among others). Some
LVR also include the concept of carrying capacityh® environment (e.g. Seidl and Tisdell,
1999)° For many years, social scientists and demogragters used the concept of logistic
growth to describe population dynamics. Moreovefjning a carrying capacity implies the

idea of an upper limit to that logistic growth.

% In fact, Kuznets (1965) original work estimates finkages between income and inequality.

* Interesting to note is the fact that, dependinglenchosen parameters, these coupled no lineatiorelmay
show a chaotic behavior.

® These authors present a deep analysis on theusatincepts related to logistic growth and carryiagacity
especially applied to human demography studiemasanmental limits to human activity. They alsaygest



The LVR, in essence, describes the interactiorwof g¢pecies, where the growth rate
of the first specie is dependent on the growth catthe other species. In a very general way,

these equations are expressed as:

dp _
o 2P-rPg
1)
99=rpg-bg
dt

wherep is the population of one specie (i.e. the preythe population of the second specie

(i.e. the predator),zf and Z?are the annual changes. The prodyng is the interaction

between both species, which represents a contlohdng mechanism, beinga coefficient

that regulates such interaction. The coefficeemépresents the prey’s population growth rate
in absence of any interaction with the predatod lams the annual death rate of the second
specie in absence of the first specie.

From a mathematical point of view,pfandg have similar temporal variation, which
corresponds to a stationary frame, the rgtpcan be approximated to a constant|. Then,

it is possible to rearrange Equation (1) and shoatg andg will produce two logistic type

eqguations fop andg:

Olp—a -rpg=ap-rqp?
at - p-rpg=ap-rqp
ify/p = constant— g ) (2)
g ' P9-bg= _g°-bg
t q

However, if the ratig/p is not constant, a logistic type curve can onbuleif alsoa
andb are not constant but have a proper variation.epoasent these types of non stationary
frames adequately, in particular in what concehesshort-run changes, equation (2) can be
modified by including an additional functid(p,g,t), which modulates the growth rateand
b. Functionf(p,g,t) might be interpreted as an external excitation tion¢ which comprises
all other causes of variation not included in thedator-prey solely mechanism.

caution in the use of this concept in human ecqglogy to be interpreted as universal constant baticuously
modified by social and institutional settings.



In fact, the LVR is a closed model because the texatrchanges in the carrying
capacity of the substrate are not explicit. To mtdem explicit, considering now an open
model, the substrate has to be taken as varyimgdlme, for example due to the changing
culture and technology. Although population andsgralomestic product may be fitted to
logistic type curves, there is no clear indicatmnwhich may be the value of the maximum
carrying capacity value, nor a clear explanation tfas limitation process. One possible
feedback mechanism, which may explain this limtafprocesses is linked to the availability
of natural resources. Indeed, the idea of an upppulation limit can be associated to the
availability of resource®.

Here, the proposed set of equations is a genetializan the form of an open-system
dynamic model. Note that the rates of productiortarsumption of the species are written
without specifying the signs. To capture the inflce of the variation of the substrate on the
growth rates of the considered species, we incautienctional response Now Equation (1)

may be rewritten as:

d

£=(01+03 f)p+azgp

j” 3)
£=/319+/32 pg

where the coefficients, b andr, have been replaced (taclude their own signs and units) by
a1, a» andfi, 5, while asf modulates the growth rate.

When applying biological and ecological analog®ms;h as LVR, to other sciences,
one is tempted to define one variable as a preytla@dther as the predator. For example,
Dendrinos and Mullally (1981, 1983) proposed anliappon of LVR to urban dynamics,
defining the urban population as the predator, @@rdcapita income as the prey. Instead also
for a similar urban dynamics application, Cappealtal Faggian (2002) define population as
the prey, and land price as the predator. So, is rgspect, we prefer to apply a general
system dynamic approach without specifically naméiiiper variable as prey or predator,
since we could probably find different intuitivesjification to choose one or the other option.
However, as it will be shown below, the GDP (asxgrdor natural resources) could be
interpreted as the prey and the population as taéapor. Initially an increasing growth rate

of the GDP favors an increase in the populationtaumgertain population level, where it

® An interesting critical review of ecological ancb@omical analogies is presented by Ayres (2004).



follows first a population decline followed latey la GDP reduction, beginning a new cycle
or transition.

The experience shows that most positive culture @atinology changes arise in
scenarios with an increasimggp rate. Therefore, the functidi(g,p,t) could be expressed in
terms of the quotieng/p or more generically as an expansion in power safethe types
kn(g/p)’, with n being a positive integer. A first order approxiioatis to setf equal tok;
(9/p), but other solutions are also possible adding furtbens with greater values af If f

=k g/pis replaced in (3), equation (4) follows:

d
cﬁ=aap+ang+azgp

d
£=@g+&pg

(4)

As can be seen in this equati¢os k; g + o> g p)is proportional talg/dt, which again
clearly suggests the coupling between changespuolation and changes in GDP.
The coefficientsa; and S, represent the growing rates for population and GiBRnd 5, are
the main control mechanism in the LVR, which motkesahe growth irp andg. Sinceg/p
has a near exponential growth, the first term idigpn (4), for example, witk; positive,
will induce to produce a higher growth rate. Simgés negativeit will produce a reduction in
the growth rate, specially for higher valuesgofThe combination of both coefficients allows

a great flexibility in the dynamic of the variables

2.2. Simulations

As mentioned above, the LVR type equations areaci@rized as ordinary differential
equations ODE, whose solutions may derive in nuraémstabilities (stiff equations). These
instabilities may occur, for example, when the Gomints of the ODE are several orders of
magnitude different. For an interesting discussoon stiff ODE see Wang et al (2002);
Sepplet and Richter (2005); Press et al (1999)this case, we solve the ODE using a
Rosenbrock modification to Runge—Kutta—Fehlberg FiRKethod in a FORTRAN 77 code
as suggested by Press et al (1999). As sourcestaffdr years 1960 to 2006; and projections
to 2015, we consulted several international agend&abased, such us the International
Energy Outlook (EIA, 2005), United Nations Demodri@pYearbook (2004), the US Census
Bureau (2006), the World Bank World Development i¢atbrs (2005), International



Monetary Fund (IMF, 2004). For historical data @orio 1960) we consulted estimations
from United Nations (1973, 1999), McEvedy and Jo(E%78), Biraben (1980), Durand
(1974, 1977), Klein Goldewijk (2005), and Maddis@d®95). Additionaly we compared the
historical values used in several global model sagynamic Integrated Climate-Economy
Model-DICE (Nordhaus, 1992), and Integrated Modgli Global Climate Change-IMAGE
(Alcamo, 1994).

Figure 1 shows the predicted values of world paputaand world gross domestic
product from year 1850 to 2150 as calculated byatguas (3). The values used in Figure 1
are as follow: initial value3, = 1850, final yeaiTr = 2100; step siz®t = 1.0; Py = 1.15
Billions inhabitantsGo = 0.21 Trillions U$S. The annual rates are= 0.3%,a, = -55 / (13°
U$S); ask; = 5.2 Hab. / U$SB = 3.1%, 5= - 2 /(13 Hab.) Figure 2 compares annual world
population changes for the model output with resgecthe data and projections from
international agencies. Figure 2A shows the pomrathanges in percentage and Figure 2B
as absolute changes in millions of inhabitantsufed shows the world annual changes in %,
calculated using the model and compared to intenmalt databases. It is interesting to note
that the predicted shape of population over timieioa logistic type curve (Figure 1); and
consequently the annual changes is a "bell-shapg#' curve (Figure 2 B) as suggested
above in equation (2)By selecting a higheB, coefficient also the GDP will take a logistic

type curve. Figure 4 shows the evolution of peliteaDP.

d b a
" The logistic functiond—i/ =by-— y2, has a solution of the typg = ———————— . Its derivative is a
a

1+ kexp(bt)
akbexp(bt)
(1+ kexp(ht))?

bell shaped function of the foryl = , with k and a being constants.



Figure 1. Comparison Model and Data for world popuétion and GDP
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Figure 2A. Comparison Model and Data for annual wold population changes (%)
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Figure 2B. Comparison Model and Data for annual wold population absolute changes
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Figure 3. Comparison Model and Data for annual gros domestic product changes
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Figure 4. Comparison Model and Data for GDP per caja
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According to the proposed coefficients, the poparatwill have a slow growth of
about 0.3% per year (typical value for populatioovwgh prior to 1900), and it is boosted
through the per capita growth rate increase presettie functional responsasf. But the
same GDP growth will limit the population growthpegssed by negative sign aé. On the
other side, the mean growth of GDP at a high r&t8.b % is controlled by the population
growth £,. The functionf is then used as a proxy function to representebknological and
cultural changes. Singeandp are coupled, the function could also be applieg 4nd obtain
similar results. Figure 2 and Figure 3 show slowrges at the beginning of the transition
phase, then reaches a maximum in years 1960-18lf@wéd by a steady decline, tending to
a new stabilization phase by about 2070-2080 otiah®,000 Millions inhabitant. According
to the proposed coefficients presented in Figuth& GDP changes tend to stabilize at a 1.5
% increase rate for a steady population. By inénggihe absolute value of coefficien, the
GDP rates will tend to diminish leveling the valugshe GDP.

The rationale for this process is suggested byfdhewing argument. According to
current estimations, before 1900, both economic aogulation growth were small,
approximately 1.3-2.0% fog and 0.6-0.8% annual increases fpwhich was the result of
high mortality and high birth rates. Important theaal and technological changes were
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introduced during the last half of the XIX Centuanyd beginning of the XX Century, such as
implementation of the vapor machines in industrgl transportation, new vehicles (cars and
first airplanes) advances in theoretical physicdyaaces in medicine (penicillin and
antibiotics), the use of petroleum as main fuetf aa on. These advances in technology and
knowledge boosted economic growth, reduced moytedites and increased life expectancy,
increasing the population, which began its traositfrom a labor-intensive agro-rural
economy to a more urban industrial one. But theotfdf the two World Wars, the Cold War,
the oil crisis of the 70's, etc., produced a praftbicultural and economic crisis, which
stopped or slowed down both the economy and thbk kates. This effect was reinforced by
the introduction of computation and automation, akihireduced the need for manual
activities, replacing human labor activity for fawleut highly educated/trained personnel,
leading to a steady decline bothpnandg as shown in Figures 2 and 3. If this tendency
continues, the model predicts a stabilization {@mnea decline) level fag andp for the end of
this century and beginning of the next one. Buthie same way we had in the past an
important boost due to knowledge accumulatiors ¥ery possible, that at some point in the
next decades a new excitation may boost again tbeoeny leading to a new phase of
population growth, but probably, first, the fodsiel energy based economy should shift to a
new form of energy availability.

The role of technological changes in population @&wdnomic growth has been
presented in many economical studies (Schumpeddd; Kremer, 1993; Kozulj, 2003). It is
interesting to note that Schumpeter not only hadgphtasized the role of technological
progress, but despite the increasing trends in lptipn and economic growth shown in the
late '30s, he had foreseen the decline in cagitaienomic growth due to internal causes,
specially the disintegration of the bourgeois famivhich profoundly affect the demographic
trends (described in Schumpeter, 1942).

These three "times" or phases in the demograpimsition are also in agreement with
the descriptions of a "Malthusian regime”, a "Pdstithusian” and "Modern Growth" as
expressed by Galor and Weil, (2000): "In the Matiho regime, population growth is
positively related to the level of income per capitechnological progress is slow and is
proportional to population increase, so GDP peitaap constant. In the "Post-Malthusian”
regime, the growth rates of technology and GDFhaglk. Population growth absorbs much of
the growth of output, but income per capita dose slowly. The economy endogenously

undergoes a demographic transition in which thetipegelationship is reversed".
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3. Model and simulations for energy demand and cadm emissions

3.1 The model

The identification and understanding of key driviiogces leading to carbon emission
into the atmosphere confronts the researcher towd#asocio-economic variables that lie far
beyond the atmospheric sciences, such as populgtmnth, gross domestic product, and
energy consumption, among others. Despite the ttdmes effort already developed to
properly capture these matters in a model, thexes@f many open questions concerning the
main ideas and interacting relations behind tharapbgenic greenhouse gases emissions.
An important application to the model describedtle above section is related to the
estimation of energy consumption and global carkamssions, which requires a better
understanding of population dynamic and GDP growis.stated above, during the early
1970s, Commoner (1971), and Ehrlich and Holdrerv21%roposed the IPAT identity as a
first guess to analyze the driving forces of enwinental change. The IPAT calculations
establish that environmental impacts are the producombination of three main driving
forces: population, affluence (per capita consuampbr production) and technology (impact

per unit of consumption or production), then
| =PIAIT (5)

In this identity, the impact (i.e. the carbon emissions), is accounted throungh t
national inventories [tons of G) the populatiorP [hab] is well documented, the affluenge
is calculated as per capita gross domestic prdtl®$/hab], andr (the effect of technology)
is normally solved from this equatioh.also accounts for the efficiency of the emissiand
may be measured as tons of Oaer U$S of the GDP. Other authors like Ogawa (1,991
Nakicenovic et al, (1993), Watson et al, (1996)rébiand Ban, (1997), O"Neill et al, (2000),
Waggoner and Ausubel (2002), have proposed or sgadar relations. This identity is
sometimes also called Kaya identity (Kaya, 1999)a lgeneral form, this identity can be seen

as a composition of the following variables andcatbrs:

CO, Emissions POpUIationEE(GD%opulatiorJ [gEnergyGDPﬂ [écoz Energyj (6)
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The bracket [.] in equation (6) represents theuaffceA, and the most right parenthesis is the
emissions” efficiency off. Although the idea is simple and linear, the stwrting of this
identity is that it assumes that the variablesimdependent. So, a change in one of them will
produce no effect on the other variable, whichas aompletely true, as we have seen in the
precedent sections. However, it captures the mawerdforces or state variables of the
environmental impact of human activity. In the sdime, York et al., (2003), and Dietz and
Rosa (1997), have proposed a statistical modi6oatth IPAT, called INPACT and STIRPAT
in the form of | =aPA°s, wherea, b andc are country-dependent coefficients. The error
factor &, represents the uncertainties in estimating tblentelogical factor.

The International Panel on Climate Change (IPCQ taveloped several carbon
emission scenarios (SRES) as input data for a btobdel of atmospheric circulation (IPCC,
2000)® The objective of these models is to estimate théhrapogenic emissions of
greenhouse gases and consequently the evaluatiggossible mitigation and adaptation
strategies.

In all the discussed models, key drivers such gsilation and economic output need
to be used to estimate the energy consumption a@demission data. In this paper, we
estimate the annual changes in energy consumgtiand carbon emission assuming a
similar behaviour in the changes in GDP and pomraSincee andc are strongly coupled to
g and p, we propose a similar set of differential equatias (3) to estimate the annual

changes in both variables:

(7)

whereg; is the rate of increase in energy consumption gyoaving economy, in absence of
any other limiting factorg, is the energy reduction by spare behaviors. Sirndasiderations
can be said for changes in the carbon emissia)gziis the increase in carbon emissions for

a growing economyg, is the carbon emissions control or reduction thhouncreasing

8 The IPCC is organized by the World Meteorologi@tganization (WMO) and the United Nations
Environmental Program (UNEP) to advice the Confeeenf the Parties of the United Nations Framework
Conventions on Climate Change (UNFCCC) to undedstae complex relations and feedbacks concerniag th
climate change. Other international initiativeg arganized in many well known programmes suchhas t
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environmental awareness in the population. It nbgshoted that to solve equation (7) it is
necessary to run simultaneously equations (3), thhtsining four differential equations. This
interrelation may be understood in the followingywA better efficiency induced by higher
purchase possibilities and more investments innelclygy may produce on one side a
reduction in consumption but also a may rise comgion due to higher purchase

possibilities, as seen in developed countries.

3.2. Simulation’s results

Figure 5 shows a representation of world primamrgyn consumption (EJ) and carbon
emissions (GTn), using the proposed model comptradternational agencies projections
(from 1850 to 2004 measured or estimated values) 2005 to 2150 projected values). The
values for the coefficient gF andg used in Figure 5 are the same of Figure 1 thrdtigbre
4. The coefficients of Equation (5) afgy = 0.90 EJ,Co= 0.21 GTn C,& = 2.5%, & = -
0.16/(1G Hab.); g1 = 2.5%,0,= -0.19 /(18 Hab.)

We have compared the model output to several IPRESSprojected scenarios (IPCC
2000, Pepper et al, 1992), for population (FigureGDP (Figure 7), energy (Figure 8) and
carbon emissions (Figure 9). As it can be appredjahe model shows very good agreement
for EIA projections up to year 2015, but seems reedjzt lower rates of GDP. By changing
the proper coefficientsag, asky, and 53, it is possible to obtain GDP growth approaching to
zero. The energy consumption and the carbon emissd IPCC scenarios for year 2100
show a high degree of variances. In this model,che@se an intermediate value consistent
with stabilization in lower rate fog andp.® As mentioned before, a better technology and
efficiency may induce to energy reduction and atsdecreasing carbon emission. Choosing
other values of the control parameters will prodachift in the maximum values, producing
an early decay or a delay. Probably the carbonsoms will be reduced in the next decades,
as more investments in cleaner technology are pedd and fossil energy shifts towards

other sources of energy generation followed byoavgrg environmental awareness.

International Geosphere-Biosphere Programme (IGH®),International Human Dimensions Programme on
Global Change (IHDP) and the Global Carbon Prqjé&pP).

° It must be noted, that by varying the control 6iointsa, B, &, o, it is possible to fit almost all the IPCC
scenarios, i.e. more optimistic, conservative, essimistic, similar to the "storyline" proposed twe SRES
scenarios.
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Figure 7. Results for Model world GDP projections ompared to IPCC SRES Models
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Figure 9. Results for Model world carbon emissionsompared to IPCC SRES Models
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4. Sensibility analysis

To test the sensibility of the model to uncerta@stin the parameter estimation, we
performed a Monte Carlo simulation. The way to thfferent scenarios consists in varying
the parameters;, 3, &, andg randomly using a gaussian deviation. First, wectedeset of
values for the coefficients, which, for example chats the data and some reference model,
i.e., the projections of the international statistiSecondly, we added some random noise to
the parameters, whose variances are increasedrpomadly with increasing time span: being
0% at 2000 up to 150% in year 2150 respect to ritali value. Finally, we compute the
mean values, maximum and minimum values; addstandard deviation, of population, gross
domestic product, primary energy consumptions aadban emissions for each run. This
means that these parameters will change yearydtarin a random way with an increasing
variance, which corresponds to an increasing uaiceyt as the projections moves forward
from current knowledge. By running it several timése simulation explores different
possible combinations of parameter changes. Adtrepending on the chosen variances it
is possible to obtain all SRES IPCC Scenarios.
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It must be noted that the results shown in Figérés 9 (for population, GDP, energy
and emissions dynamics respectively) do not reptesecessarily our best guess, since we
choose as initial model the Reference projectio&I#¥. It can be further discussed which is
the most acceptable set of values, but, as witHRKKE SRES, the selection will depend on
the modelers” criteria based on available inforamatHowever, the present study does show
that conceptually and mathematically the model dess the dynamic and interactions in
population, economic output, energy consumption @ron emissions. It also shows that it

is able to capture a wide range of different saesawith a set of simple coupled equations.

5. Conclusions

The on-going world demographic transition expereghsince the beginning of the last
century has mobilized demographers and social ssiento explain the causes of such
transition, but also to foresee the impact suchngha may have on the economy, labor,
natural resources availability and emissions toetingronment.

In this paper, we propose a set of ordinary difige¢ equations for competing species
to explain population dynamics, economic growth.ergg consumption and carbon
emissions. This system dynamic model is well knownthe biological, ecological and
environmental literature (as prey -predator or cetimg species) and has also been applied in
other fields, like economics. These relations erpllae changes in population of two species
and are expressed in several forms, which inclugicet functional responses, a carrying
capacity or logistic growth functions. In this mgdée inclusion of an additional function to
the simplest LVR relations represents the influetic technological and cultural changes
have on the population dynamic and economic growth.

The results of the model not only fits reasonabkgllvine data or projections of
international agencies (UN, EIA), but also explainsa simple mathematical way the
transitional changes in population or economy. Addally, we have applied the above
model to estimate world energy demand and carbdesemns to the atmosphere, by adding
two extra differential equations to those reprasgnthe population and economy annual
changes. The model calculations were comparedveraleagencies projections (IPCC, EIA),
leading to comparable results, and obtaining sinsit&narios outputs. Thus, the value of the
present model is not only the ability to reproduce wide range the current projections, but
also to capture conceptually in a simple matherallyidormalism the present transitional
trends in population, economy, energy-demand arltbceemissions.
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Finally, it is important to note that world meanlues hide big differences among
regions and group of countries. However, the appba of the model on a group of countries
or regions, i.e. North America, Europe, Asia, Lafimerica, give also similar good fits as
presented for the world mean values. Next studidsoe oriented towards the consideration
of regional geographical distributed information ®DP, population, energy consumption,
and carbon emissions. Some studies performed canucknters based on a geographical
information system (GIS) (Puliafito, 2002, 200408) show similar behavior, and the set of
proposed equations seems to fit also very wellfumher research, we will explore the
adaptability of these equations for several urbarters and dense populated areas.

6. References

Abrams, P. and Holt, R., 2002. The Impact of ConswiResource Cycles on the Coexistence
of Competing Consumers, Theoretical Populationd®jgb2, pp. 281-295.

Alcamo, J. (Editors), 1994. IMAGE 2.0: Integratecbdiéling of Global Climate Change.
Dordrecht, The Netherlands: Kluwer Academic Pulalish

Armstrong, R. A., and McGehee, R., 1976, Coexisgteot species competing for shared
resources, Theoretical Population Biology, 9, di¥-3828.

Ayres, R.,2004.. On the life cycle metaphor: wheeology and economics diverge,
Ecological Economics, 48(2004) pp. 425—- 438.
Barro R. and Sala-1- Martin, X., 1998, Economic Btlo, The MIT Press, Reprint edition.
Beisner, B.E., Ives, A.R. and Carpenter, S.R., 200 effects of an exotic fish invasion on
the prey communities of two lakes. Journal of Ariieology, 72, pp. 331-342.
Biraben, Jean-Noel, 1980. An Essay Concerning MatiEvolution, Population, Selected
Papers, December, table 2.

Blaine, T. and DeAngelis, D., 1997. The interactioh spatial scale and predator-prey
functional response, Ecological Modelling, 95, Bjp9-328.

Capello, R., and Faggian, A., 2002. An economidaggoal model of urban growth and
urban externalities: empirical evidence from Itdkgological Economics, 40, pp. 181—
198.

Carpenter, S.R., Cottingham, K.L. and Stow, C.A4L9Bitting predator —prey models to
times series with observation errdesology, 75, pp. 1254-1264.

Casagrandi, R. and Rinaldi, S. 2002. A theoretigpproach to tourism sustainability.
Conservation Ecology, 6(1), 13.

Cass, D., 1965. Optimum Growth in an Aggregatived®mf Capital Accumulation, Review
of Economic Studies, 32, pp. 233-240.

Commoner, B., Corr, M. and Stamler, P.J. 1971. Gdueses of pollution, Environmentol.
13(3), pp. 2 -19.

Dendrinos, D.S. and Mullally, H. 1981. Evolutionapatterns of urban populations.
Geographical Analysjs.3(4), pp. 328-344.

Dendrinos, D.S., and Mullally, H. 1983. Optimum tohin nonlinear ecological dynamics
of metropolitan areas. Environment and Plannin@5App. 543-550.

Dietz, T. and Rosa, E. 1997. Effects of populatm affluence on CO2 emissions, Proc.
Natl. Acad. Sci. USA, Ecology ,Vol. 94, pp. 175-179



22

Durand, J.D., 1974. Historical Estimates of WorldopRlation: An Evaluation.
University of Pennsylvania, Population Center, Atiahl and Technical Reports, No.
10.

Durand, J.D., 1977. Historical estimates of wortgbplation. Population and Development
Review, 3(3): 253-296.

Ehrlich, P. and Holdren, P., 1971. Impact of PopolaGrowth. Science, 171: 1212-17.

EIA, 2005. Energy Information Administration: Intetional Energy Outlook 2005,
www.eia.doe.gov/oiaf/ieo/index.html

Fenlon, J. and Faddy, M., 2006. Modelling predationfunctional response, Ecological
Modelling, 198,pp. 154-162.

Forrester, J., 1961. Industrial Dynamics, WaltmhBA., Pegasus Communications.

Forrester, J., 1971. World Dynamics, Waltmhan MPegasus Communications.

Galor, O. and Weil, D., 2000. Population, Technglognd Growth: From Malthusian
Stagnation to the Demographic Transition and Bey@mderican Economic Review,
September, 90(4), pp. 806-828.

Goodwin, R.M., 1969. A growth cycle. In: Feinste®,H. (Ed.), Socialism, Capitalism and
Economic GrowthCambridge University Press, Cambridge.

Gdurer, N. and Ban, J.,1997. Factors affecting gneztated CQ emissions: past levels and
present trends. OPEC Review, XXI(4), pp. 309-350.

Harrison, P., 1993. The Third Revolution. Penguondon.

Harrison, P. and Pearce, F., 2000. AAAS Atlas gilration and Environment. University of
California Press, Los Angeles.

Hernadndez, J. and Leo6n C.,2006. “The interactiatsvéen natural and physical capitals in
the tourist lifecycle model”, Ecological Economiospress.

Holling, C. S. (1959):. The components of predagirevealed by a study of small mammal
predation of the European pine sawfly, Can. Endt, ppp. 293-320.

Holtz-Eakin D. and Selden, T. M., 1995. Stoking f#iees? CQ Emissions and Economic
Growth, Journal of Public Economics, May, v. 58uis. 1, pp. 85-101.

IMF, 2004. International Monetary Fund¥orld Economic and Financial Survey, World
Economic Outlook, The Global Demographic Transitio®eptember 2004.
http://www.imf.org/external/index.htm.

IPCC, 2000. International Panel on Climate Chagpecial Report on Emissions Scenarios.
Nebojsa Nakicenovic and Rob Swart (Editors.), Cadger University Press, UK.
Janssen, A., van Gool, E., Lingeman, R., Jacasand. van de Klashorst, G., 1997.
Metapopulation dynamics of a persisting predatay@mystem in the laboratory: time

series analysiExperimental & Applied Acarology, 21, pp. 415-430.

Johansen, A. and Sornette, D., 2001. Finite-tinmgdarity in the dynamics of the world
population, economic and financial indices, Physica94, pp. 465-502.

Jost, C. and Arditi, R., 2000. Identifying predajmey processes from time-series.
Theoretical Population Biology, 57, pp. 325-337.

Jost, C. and Ellner, S.P., 2000. Testing for p@da¢pendence in predator—prey dynamics: a
non-parametric approach. Proceedimjshe Royal Society of London, B 267, pp.
1611-1620.

Kaya, Y., 1990. Impact of Carbon Dioxide Emissioon@ol on GNP Growth: Interpretation
of Proposed Scenarios. Paper presented to the B@@yy and Industry Subgroup,
Response Strategies Working Group, Paris.

Klein Goldewijk, K., 2005. Three centuries of glblpapulation growth: A spatial referenced
population density database for 1700 — 2000, Ptipuland Environment, 26(5): 343-
367.




23

Koopmans T. C., 1965. On the Concept of Optimalrneoaic Growth, in The Econometric
Approach to Development Planning. Amsterdam: Nétthiand; and Chicago: Rand
McNally.

Kozulj, R., 2003. People, cities, growth and tedbgmal change. From the golden age to
globalization, Technological Forecasting & Sociala@ge, 70:199-230.

Kremer, M., 1993. Population growth and technolafichange one million b. C. to 1990,
Quarterly Journal of Economict08: 681-716.

Krutilla, K. and Reveuny, R., 2006. The systemsatgits of endogenous population growth
in a renewable resource-based growth model, Eadbdtconomics, 56, pp. 256—
267.

Kuznets, S., 1965. Economic Growth and Income Iaktyy in Economic Growth and
Structure: Selected Essays, W. W. Norton, New York.

Lantz, V. and Feng, Q., 2006. Assessing incomeulatipn, and technology impacts on CO2
emissions in Canada: Where’'s the EKC?, Ecologicah&mics, 57: 229-238.

Lotka, A. J., 1925. Elements of physical biologgltBnore: Williams & Wilkins Co.

Lucas, R., 1988. On the Mechanics of Economic Dmeknt, Journal of Monetary
Economics22:1, pp.3-42.

MacArthur, R. H., 1970. Species packing and contipetequilibria for many species, Theor.
Popul. Biol., 1, pp. 1-11.

Maddison, A., 1995. Monitoring the world economy208 1992, OECD, Paris.

Malthus, T.,1798. An Essay on the Principle of Rapon.

Marchetti C., Meyer, P. and Ausubel, J., 1996. HarRapulation Dynamics Revisited with
the Logistic Model: How Much Can Be Modeled and diteed?, Technological
Forecasting and Social Change, pp. 1-30.

McEvedy, C. and Jones, R., 1978. Atlas of Worlgp®Ration History, Middlesex, England:
Viking Penguin. pp. 342-351. January 1978, ISBN/ 1854023.

Nakicenovic N., A. Gribler, A. Inaba, S. Messner,Nson, Nishimura Y., Rogner H-H.,
Schafer A., Schrattenholzer L., Strubegger M., 8eiisl., Victor D. and D. Wilson,
1993. Long-term strategies for mitigating globarmang. Energy, 18(5), pp. 401-609.

Neumayer E., 2002. Can natural factors explain emgs-country differences in carbon
dioxide emissions, Energy Policy, 30: 7-12.

Nordhaus, W.D., 1992. The "DICE" Model: Backgrouadd Structure of a Dynamic
Integrated Climate-Economy Model of the Economids Global Warming No.
Discussion Paper No. 1009. Cowles Foundation fageRech in Economics at Yale
University.

Ogawa, Y., 1991. Economic activity and greenhousece The Energy Journal, 12(1), pp.
23-34.

O'Neill, B.C., F.L. MacKellar and Lutz, W., 200®opulation and Climate Change.
Cambridge University Press, Cambridge.

Panatoyou, T., 2000. Economic Growth and the Enwirent, Working paper No. 56, Center
for International Development at Harvard University

Pepper, W.J., J. Leggett, R. Swart, J. WassongdhoBds, and Mintzer, 1., 1992. Emissions
Scenarios for the IPCC. An Update: Assumptions,hidéblogy, and Results. Support
Document for Chapter A3. In Climate Change 1992pgkementary Report to the
IPCC Scientific Assessment. J.T. Houghton, B.A.l&@wlar and S.K. Varney (eds.),
Cambridge University Press, Cambridge.

Press, W.H., Teukolsky, S.A., Vetterling, W.T. dddnnery, B.P., 1999. Numerical Recipes
in Fortran 77, 2nd edition. Cambridge University Press, Camlaidg

Puliafito, J.L., 2002. Urban evolution modelling: macro quantum approach for Great
Mendoza, inDesign and Nature: Comparing Design in Nature v@ttience and



24

Engineering. C. A. Brebbia and L J. Sucharov, Wedssstitute of Technology,
United Kingdom and P. Pascolo, Universita deglJdine, Italy (eds)ISBN: 1-85312-
901-1 Series: Design and Nature, Vol 3.

Puliafito, J.L., 2004. La evolucion urbana dest@unto de vista de un modelo espacio—
temporal: caso Gran Mendoza, in Mecanica Computati®&/ol. XXIII - G.Buscaglia,
E.Dari, O.Zamonsky (Editors.), pp. 2701-2720. Aacmn Argentina de Mecénica
Computacional (AMCA) Bariloche, Argentina.

Puliafito, J.L., 2006. A transport model for theokiion of urban systems, Applied
Mathematical Modelling, in presdpi:10.1016/j.apm.2006.09.005.

Ramos-Jiliberto, R., 2005 Resource consumer maelsthe biomass conversion principle,
Environmental Modelling & Software, 20, pp. 85-91.

Ramsey, F., 1928. A Mathematical Theory of Sayvilgpnomic Journal, Vol. 38, December,
pp. 543-559.

Raskin, P.D., 1995. Methods for estimating the pafpan contribution to environmental
changeEcological Economigdl5, pp. 225233.

Romer, P., 1986. Increasing Returns and Long-Rww&@r, Journal of Political Economy,
94:5, pp. 1002-1037.

Romer, P., 1994. The Origins of Endogenous Groiie, Journal of Economic Perspectives
8:1, pp. 3-22.

Samuelson, P.A., 1971. Generalized predator—prelaigons in ecological and economic
equilibrium. Proc.Natl.Acad. SdJ.S.A., 68, pp. 980-983.

Schmalensee R., Stoker, T.M. and Judson, R.A.8.198rld Carbon Dioxide Emissions:
1950-2050, The Review of Economics and Statiskebruary, v. 80, iss. 1, pp. 15-27.

Schumpeter, J., 1934. The Theory of Economic Dgwetnt, Harvard University Press,
Cambridge, MA,.

Schumpeter, J., 1942 Capitalism, Socialism and Reacy. New York: Harper & Row,
1942, 381 pp.

Seidl, I.. and Tisdell, C., 1999. Carrying capadaiggonsidered: from Malthus’ population
theory to cultural carrying capacity, EcologicabBomics, 31, pp. 395-408.

Seppelt, R. and Richter, O., 2005.: “It was anfadenot the result”: A note on systems
dynamic model development tools, Environmental Mioug & Software, 20, pp.
1543-1548.

Shertzer, K.W., Ellner, S.P., Fussman, G.F. anddttai, N.G., 2002. Predator—prey cycles in
an aquatic microcosm: testing hypotheses of meshaniournal of Animal Ecology,
71, pp. 802-815.

Shi, A., 2003. The impact of population pressuregtmbal carbon dioxide emissions: 1975-
1996: evidence from pooled cross-country data, &goal Economics, 44: 29-42.

Solow, R. M., 1956. A Contribution to the TheoryEdonomic Growth, Quarterly Journal of
Economicsy/0, pp. 65-94.

Song, X. and Xiang, Z., 2006. The prey-dependemtsemption two-prey one-predator
models with stage structure for the predator angbuisive effects, Journal of
Theoretical Biology, 242 , pp. 683—-698.

Stern, P.C., Young, O.R. and Druckman, D. (Edijpf992. Global Environmental Change:
Understanding the Human Dimensions.National Acadenegs, Washington, D.C.

United Nations, 2004. World Population Prospects:he T 2004 Revision:
http://www.un.org/esa/population/unpop.htm

United Nations, 1973. The Determinants and Consempgeof Population Trends, Population
Studies, No. 50.

United Nations, 1999. The World at Six Billion,
http://www.un.org/esa/population/publications/slkbn/sixbilpartl.pdf




25

U.S. Census Bureau, 2006. Total Midyear Population the World: 1950-2050.
http://www.census.gov/ipc/www/worldpop.html

Volterra, V., 1926. Variazioni e fluttuazioni delumero d'individui in specie animali
conviventi. Mem. R. Accad. Naz. dei Lincei. Ser, Vil. 2.

Waggoner P.E. and Ausubel, J.H., 2002. A framevorisustainability science: A renovated
IPAT identity, Proceedings of the National Acadeofiysciences, 99(12):7860-7865.

Wang, K., Shallcross, D., Hadjinicolaou, P. and Maekopoulos, C., 2002. An efficient
chemical systems modelling approach, Environmeavtadelling & Software, 17, pp.
731-745.

Watson, R., M.C. Zinyowera, and Moss, R. (Edijprs996. Climate Change 1995. Impacts,
Adaptations and Mitigation of Climate Change: StifenAnalyses. Contribution of
Working Group Il to the Second Assessment Repotti@fintergovernmental Panel on
Climate ChangeCambridge University Press, Cambridge, 861 pp.

Woodwell, J., 1998. A simulation model to illusgdeedbacks among resource consumption,
production, and factors of production in ecologieabnomic systems, Ecological
Modelling, 112, pp. 227-247.

World Bank, 2005. World Development Indicators, Wagton D.C,
http://www.worldbank.org/data/wdi2000/index.htm

York, R., Rosa, E.A. and Dietz, T., 2002. Bridgiergyvironmental science with environmental
policy: plasticity of population, affluence, ancclbaology. Social Science Quarterly,
83(1), 18-34.

York, R., Rosa, E.A. and Dietz, T., 2003. MethoddRS°AT, IPAT and ImPACT: analytic
tools for unpacking the driving forces of enviromted impacts, Ecological
Economics, Vol. 46, pp. 351-365.




