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Abstract

We build and analyze a dynamic ecological economic model that incor porates endogenous innovation
on input substitutability. The use of the system dynamics method allows us to depart from conventional
equilibrium thinking and conduct an out-of-equilibrium (adaptation) analysis. Smulation results show
that while improvement in input substitutability will expand an economy, this change alone may not
improve sustainability measured by indicators such as utility-per-capita and natural resource stock. It
could, however, be possible that in combination with other technological progress, improvement in
input substitutability will contribute to sustainable development. Sensitivity analysis also indicates a
possible complication with the use of exogenous consumer preference, which is often assumed in
standard economics.

Keywords. Endogenous innovation on input substitutabilitQut-of-equilibrium (adaptation);
Population-resource dynamics; Sustainability; Systiynamics.



1. Introduction

Real problemsin complex systems do not respect academic boundaries.
Herman Daly and Joshua Farley (2010, xvii)

Sustainable development in developing economiessfacnew economic reality in which natural
resource constraints such as food, water and ersengplies, and climate change are largely defining
the future outlook (UNESCAP, 2010, vii). Meanwhifeajor economic growth models such as Solow
growth model, neoclassical growth model, Ramseys&awpmans, and Overlapping Generations
Model do not embrace natural resource constraistsa grimary component of their modéls.
Ecological economics is an interdisciplinary appfodo the study of the interactions between
economic systems and ecological systems. Giverdkential dynamic complexity of an ecological
economic system (henceforth EES), we need a melihgidal approach that goes beyond the
simplified, analytic approaches in conventional remoics. We build and analyze a dynamic
ecological economic model that incorporates endogennnovation on input substitutability. Our
simulation results indicate that over time improeamin input substitutabilitlone may not make a
significant contribution to sustainable developméie also demonstrate the usefulness of the system
dynamics approach to ecological economics.

Although EESs are “undeniably complex” (Limburg at, 2002), standard economics has
generally taken a strategy of simplification to &kle to employ analytic approaches; however,
simplification has many drawbacks. There are ma@mples of this. First, simpler functions such as
the Cobb-Douglas type function, while easy-to-harattalytically, limit the analysis of substitutaiyil
between man-made capital and natural resourcessttestsential for sustainable development under
natural resource constraints. Second, natural ressuare often treated as exogenous, resulting in
missing feedbacks between ecology and economyatieatritical in the study of the sustainability of
and economy. Third, our focus on the state of ldgwim often results in neglecting the transitibna
dynamics® However, an approach that specifies behaviorsrand feedback loops allows the
system to be in a state of disequilibrium is caitifor the study of EESs.

This paper integrates system dynamics (hencefddhir@o economic modeling and analyses
to provide deeper insights into the dynamics of £ESystem dynamicists often dismiss economic
theories because of its unrealistic (in their viewwhdencies. Meanwhile, SD models that are
inconsistent with economic theories are not of rege of economists. We contribute to the two
disciplines through 1) the development of an edcklgeconomic model that is firmly based on
economic theories, and 2) the construction anddafabn of the model using the SD approach, as
explained below.

! Romer (2011) provides a comprehensive review cfettandard economic growth models.
2 There has been a development in equilibrium-segkitaptive systems in the form of the learning éexation) theory in
macroeconomics(g., Evans and Honkapohja, 2009; Evans and Honkapa@jel; Bullard, 2006).
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Our ecological economic model is an extensiorhefdo-called BT model (Brander and Taylor,
1998) that can depict a pattern of economic anduladipn growth, resource degradation, and
subsequent economic decline and is suitable forsthdy of sustainability and resilience of an
economic system. Since its initial appearancdue to its simplicity and extendability the BT mbde
has generated many descendants (Anderies, 200@n®&asnd Ross, 2005; Basener et al., 2008;
D'Alessandro, 2007; Dalton and Coats, 2000; Da#oral., 2005; de la Croix and Dottori, 2008;
Erickson and Gowdy, 2000; Good and Reuveny, 2008xwll and Reuveny, 2000; Nagase and
Mirza, 2006; Pezzey and Anderies, 2003; Prskawett. £2003; Reuveny and Decker, 2000; Taylor,
2009). Our model is motivated by Nagase and Uehé2811) synthesis of the existing models of this
type, and it is also an extension of the model ezl by Uehara et al. (2010).

SD provides useful tools and approaches to analgaglex systems. In addition to technical
characteristics of SD as a computer-aided apprtmsbhlve a system of coupled, nonlinear, first-orde
differential equations, what characterizes SD s @imphasis on 1) feedback thinking, 2) loop
dominance and nonlinearity, and 3) taking an endoge point of view. The endogenous point of view
is thesine qua non of systems approaches (Richardson, 2011). SDuaks® several unique techniques
for mapping a model, including causal loop diagrasystem boundary diagrams, and stock and flow
diagrams, in order to visualize a complex systeho. validate a complex model, SD adopts various
testing methods such as boundary adequacy testtste assessment, and sensitivity analysis (
Sterman, 2000).

There are three main findings from our simulatresults. First, over time improvement in
input substitutabilityalone may not make a significant contribution to susdhle development. While
the production of goods will increase as input situdsbility improves over time, utility-per-capita
may barely change and natural resource stock @sclinSecond, however, in combination with
resource saving technological progress, over tim@ovement in input substitutability could increase
utility-per-capita and save natural resource stothird, sensitivity analysis shows that an exogeno
consumer preference, which is often assumed inagwms, could be problematic.

Our model is most applicable to developing ecomsnwhere their sustainability critically
depends on natural resources and population dysa@ansequently, we intend our model to evolve
further to provide case studies that can yieldgyolmplications for such economies. A caveat &t th
current developing economies are going through mampees that are different from those of the
developed economies due to, for example, the actesspidly-evolving technologies and the
increased scarcity of natural resources (UNESCARQP Therefore, we do not seek fitness of our
model to any particuldnistorical data to validate the model. Instead, we validatemodel using the
“reference mode” (described in the next sectionpseim for the model, so that we assess the

* The unified growth theory incorporates populatignamics endogenously into economic growth modéiss Theory is a
variant of the endogenous growth theory focusingthan transition to a steadily growing econonsg. Strulik, 1997;
Galor and Weil, 2000; Hansen and Prescott, 2008r52005; Voigtlander and Voth, 2006; Strulik, avtkisdorf, 2008;
Madsen et al. 2010). However, natural resouraekstand flows are fixed or ignored in their models

3



performance of our model based on how well it capiat the intended behavioral pattern of the
ecological-economic system.

Section 2 presents the model and preliminary moeking, Section 3 provides the primary
results from conducting a variety model experimeotused on parameter sensitivity. Section 4
provides a discussion of our results and concludangarks.

2. Model

2.1 Reference mode

To develop and validate a SD model, we typicallgchgraphs and other descriptive data that represent
a pattern of behavior of the system to be modeled. In SD, this is dale“reference mode.” A
reference mode identifies key concepts and vasafile the model and sets the appropriate time
horizon of the model during which the modeled syste expected to reveal, through the effects of
complex feedback loops, how problems emerge and they affect the dynamics of the system.
Through these choices, the reference mode defimespattern of behavior of the system. The
identified behavioral pattern will become the pahteference, in the process of developing theehod
and for its validation (cf. Sterman, 2000).

One possible behavioral pattern for our referemoele could be a collapse of an economy.
There are many historical cases of collapse (Diaim@005). One of them is the boom and bust in
Easter Island that faced a severe collapse affdetieg natural resources (Figure 1).

Another possible reference pattern could be a mhjcgin which population increases at the
beginning and becomes stabilized later, withoutleteqg natural resources. Japan presents such an
example in its history. Figure 2 shows the popoatind cultivated land during thedo era (1603-
1868). During theedo era, the Japanese economy was closed in that isn@xports, immigration,
and emigration were all negligible. Therefore,emts of natural resources Japan’s growth durirgy thi
period depended solely on its own. Population ghowas S-shaped and then stabilized untilEte
era ended, at which point the new, modern goverhmeened the country. Compared with the peak
of the size of cultivated land area in 1948, treevemed to be enough arable land uncultivated.

In consideration of the fast-changing modern econanmd environment (that favors a shorter
time horizon) on the one side and the higher coxiyl®f the modern economic system (that favors a
longer time horizon) on the other side, we choo3@ $ears as the time horizon for our reference
mode. Sustainability being the primary theme of msearch, we choose the behavioral pattern for
our reference mode to be characterized by incrggspulation followed by the decline in the natural
resource stock, leaving possibilities for both dlapse and stabilization of the system. For this
purpose, the use of the BT model as the basis nimmdel development allows us to include the
relevant variables and behavioral assumptiongi®system.

2.2 Model



Our model can be classified as a static generalilegum model whose dynamic transitional process
from one time period to another is given by a ddirst-order differential equations--except thag
revealed shortly, our SD approach does not recamrenalytic equilibrium solution for each time
period.

The model depicts an economy consisting of twov@st and manufacturing) sectors. Input
availability in each time period is bounded by #adsting sizes of population, renewable natural
resource stock, and man-made capital. In contmastandard approach in natural resource economics
(e.g., Conrad, 2010), agents are rational but myopiey tmaximize utility and profit yet only within
each time period. It is a reasonable approachhersituation where the resource stock is held in
common and agents are atomistic (Taylor, 2009). réhewable resource in our model is a common-
property resource (CPR), and the lack of long-tperspectives among agents could result in severe
resource depletion that can threaten the sustéityalof the economy. The production and
consumption activities in each period determine gh@wvth rates of population, resource stock, and
man-made capital.

One aspects of our model specification is paridulnovel: we allow the model to address the
issue of substitutability between natural resouacel man-made capital endogenously. For this
purpose we introduce a constant-elasticity-of-suligin (CES) production function for the
manufacturing sector. Input substitutability instisector evolves over time due to the endogenous
technological change (ETC) driven by the relatiweut scarcity. Endogeneity of natural versus man-
made input substitutability is a critical issue &urstainability, and to the best of our knowledge o
model is the first attempt to integrate ETC andssitittability.

2.2.1 Period-by-period behavior of agents

Let us now describe the specifics of the modehdtisubscripts are suppressed for all
variables)’ In each time period, agents make production ambwnption decisions with the given
sizes of populationL{, natural resource stoclg)( and man-made capitaK). As a consumer, a
representative agent maximizes utility subjech®sliudget constraint:

max u(hm) = Wm#? st pyh+pym = (1—5)(W+ﬁj.

{h,m} L
h and m denote per-capita consumption levels of harvestdg®l) and manufactured goodvj,
respectively.s denotes the saving rate,andr are prices of labor and man-made capital, respsgf]
This optimization problem yields the consumptiomdad functions for the two goods:

* Nagase and Uehara’s (2011) circular flow diagraovides a useful visual representation for those ate not familiar
with the BT-type models.
® For simplicity each agent has one unit of labobéoallocated across the two sectors, and thelrgritz of capital is
evenly distributed back to all agents.
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He = L = (l_ps)ﬁ(WLHK) (1)
H

Mc = LOn = —(1 5)(1 ﬁ)(wL+rK) (2)
Pwm
whereh andm denote per-capita consumption level$iaindM, respectively.

Two sectors’ constant-returns-to-scale aggregateyation functions are defined &KL) =
aSLy andM(Ly, Hw, K) = Ly [ Hw” + (1-7)K”? "%, respectively, wherkly denotes the amount of
goodH consumed as an inputyy, =L - Ly, andyandA O (0, 1). p < 1 so that the elasticity of
substitutiono = 1/(1- p) is positive. a and yare efficiency parameters.

The degree of substitutability between man-madétalagnd natural resources plays a critical
role in determining the sustainability of EESs ihigh the economy faces natural resource constraints
Studies on substitutability have been almost eiwdlys conducted using CES production functiéns.
With o< 1, inputs are complements so that the natusgluree is essential for production, meaning
that production becomes more difficult without tiatural resourcé.

In relation to sustainability, the key discussminthe substitutability is the trade-off between
natural resources and the accumulated man-maddalcagfhereas mainstream economics has
implicitly supportedo = 1 through the ubiquitous employment of the Cihdtion, ecological
economists assed < 1 for various reason®.§., Cleveland et al., 1984; Cleveland and Ruth, 1997
Daly, 1991; Daly and Farley, 2010), although theoiital evidence remains inconclusivé. (Nagase
and Uehara, 2011).

The first-order conditions for the two sectors’ firmaximization are:

PpaS = w 3)

v (1)) (=L ) [ +(1- k2] = w @
|0MV(1—y)(L—LH)l_yy[ﬂHM”+(1—7T)*<”}Z_17THM"‘1 = Py (5)
va(l—y)(L—LH)”y[nHMP+(1—n)KP];_l(1—n)KP‘1 = r (6)

Using equations (1) and (2) and the productiorctions, the static market equilibrium conditions in
the H- and M-markets are given by

(1_p—s)ﬂ(WL+rK)+HM = a9, )
H

and

® Stern (1994) proposes the translog production fandiecause it can effectively model minimum inpguirements, any
elasticity of substitution, and uneconomic regidos,any number of inputs and outputs.
" For a comprehensive discussion about the relatiprizetween substitutability and sustainabilitye $tamilton (1995).
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1-s)(1- - r
(1=s)(t=4) ﬁ)(WL+rK)L = v(L-Ly) 7 [aHy +(1-2)K? ] 8)
P
Equations (3) through (8) yields the static equillim solution set ,4*, Hy*, W*, r*, py*, and pu*}.
The harvest leveH in our model is determined endogenously as atre$win economic activity, in
contrast to some other similar studies on the dycsof population and natural resoureay( Shukla

et al., 2011).

2.2.2 Dynamic transition

Given {Ly*, Hu*, W, r*, py*, andpw*}, the transitional dynamics for the three stockiables
are given by the following equations.

dL . T 1)1 _ 1
= o(rr me) (e me)]; b_bo(l ewje and d = dy—gy O
ds S
—=G(S)-H* =nS -H* 10
rlc Ok /7[ Sm] (10)
K _ s(wr L+r K)_JK (11)
dt Py *

Equations (9) and (10) characterize our model @om@on-Schaefer Model, using a variation of the
Lotka-Volterra predator-prey modeif( Nagase and Uehara, 2011).

Equation (9) represents a Malthusian populationadyios in the sense that the higher per
capita consumption of the resource good leadsdgbenipopulation growthb andd denotes the birth
and death rates. We adopt Anderies’ (2003) fortrmrawhich incorporates the impact of the
manufactured good per capiteas well a$ in order to reflecthe demographic transition hypothesis.®
More specifically, real income and fertility are gagively correlated, and mortality is negatively
et*_l'*j depicts that as

consumption of harvested gog@autrition) increases the birth rate increasestaup maximum oby.

correlated with improved nutrition and infrastruetu The termbo(l—

The term bzl represents the downward pressure on birth rat@msumption of manufactured good
e

8 Hc* is obtained by substituting,*, w* and r* into the production function foll. H* = He* + Hy*. M* is obtained by
substitutingLy* and Hy* into the production function fo¥.
° The hypothesis consists of four basic stageffulation has high birth and death rates thahesaely equal leading to
slow population growth; (I1) Death rate falls yeitb rate remains high, leading to rapid populatipawth; (lll) Birth rate
falls; (1V) Birth and death rates are both low arghrly equal, stabilizing the population at a highgel than at stage I.
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increases. The death rate function depicts thptamed nutrition reduces death rates via the testmn
while improved infrastructure reduces death rateghe termhd,m.

G(S) represents a logistic growth function &f 77 denotes the intrinsic growth rate, a8gx
denote the carrying capacity.

Equation (11) represents a standard economic apiprt® model capital accumulation. Capital
accumulation is a basic component in growth liteeat In ecological-economic modeling,
incorporating capital accumulation allows us toestigate the role of substitutability between man-
made capital and natural resources for sustaitybilihe first term on the right hand side représen
the amount of manufactured good used for capitainéion. s is an exogenously given (for
simplicity) savings rate, and is the capital depreciation rate. Man-made ch@Etazumulation
depends indirectly on natural resource througtptieuction of manufactured good. Therefore, in our
model, natural resources are a so-called “growsiergsal” (Groth, 2007).

Finally, the transitional dynamics for the inpubstitutability is given by:

p(t):“e;_x(t)—l : %:z%-q 7>0. (12)
Variable x is a measure of knowledge or experience that iboriés to the innovation process.
Equation (12) yields an S-shaped curve for innavatas knowledge/experience accumulates, as
typically observed (Rogers, 1995). The equati®o a@mbodies the premise that economic agents
respond to price changes that reflect relativeuesoscarcity (Loéschel, 2002). For simplicity, de
not depict explicitly in our model how innovatioakes place; meanwhile, one can interpret that we
implicitly assume that innovation occurs as a safiect of capital accumulation (Allow, 1962;
Romers, 1996; Castelnuovo et al., 2005). By ino@fog scarcity-driven ETC, our model
endogenizes the motivation for the depicted econdmnyetter-utilize the relatively scarce input.
Hence the production function for manufactured gdbd capital accumulation rule, and the ETC rule
together form a close relationship.

2.3 System Dynamics

While the analyses of economic models tend to dg¢penterminal conditions of the system and focus
on the steady state, a SD approach highlightsémsition paths, that is, how the dynamics of aesys
changes over time. Thanks to the lack of requirdrfad analytic solutions, a SD approach facilitate
the analysis of a complex EES without making unslo®lifications.

A SD approach takes two steps. First, we constarctSD model of an EES whose
specifications of the feedback loops are based comamic theory and scientific causal relations.
Second, we let the model reveal the transitiondigaf the variables, by way of an adaptation (ftit-
equilibrium) mechanism. For our model, we emplogimmple hill-climbing method, an iterative
algorithm (Sterman, 1980 and 2000). For example nhanufacturing sector seeks to find the optimal
combination of input&y, Hw, andK to maximize profitj.e., to satisfy conditions (4), (5), and (6). In
a standard equilibrium approach in economics, reddiorm analytic solutions represent the optimal
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values. In using a hill-climbing method, the systbegins with an arbitrary set of solutions. The
system then repeatedly adopts incremental chamgdsetsolutions to find a better set of solutions.
This process ends when no further improvement eamdde to the solution set.

Two model descriptions can be helpful to gain akbome picture of our model: a causal loop
diagram (CLD) and a description of the model boundaFigure 3 shows CLDs for our extended
model. The six boxes represent three stock vasafpopulation, natural resource, and man-made
capital) and three markets (harvested good, matutt good, and labor). Thick arrows indicate
critical interaction between man-made capital aatral resource, through tihd&-market. An arrow
tells the direction of causality. For instanceiacrease in “population”l() results in a decrease in
“food per capita” ) as the “~” sign indicates. An increase in “fodeH) results in an increase
(“+” sign attached to the arrow). “R” means thla¢ toop is a positive (reinforcing) feedback loop,
while “B” means that the loop is a negative (balagtfeedback loop.

Table 1 documents the boundary of our model andifie endogenous variables,
exogenously-given parameters, and excluded vasabl@he choice to highlight specific excluded
variables is somewhat subjective. They are chdsentheir importance in view of EESs for
developing economies. Nonrenewable resourceslswamaportant, as most studies on the economics
of sustainability focus on nonrenewable resouress, (Hartwick, 1977). Societies tend to use less
expensive nonrenewable resources first, such asami then switch to more expensive renewable
resources such as wind and solar when the margosdl of the nonrenewable resource begins to
exceed that of the renewable resources (Tieten2&fl). Negative externalities such as pollution
may not be negligible. For example, a study byaAsDevelopment Bank showed that the costs
associated with climate change could be equivateatloss of 6.7% of their combined gross domestic
product (GDP) by 2100 (ADB, 2009). Internationalationships may be most important factors
excluded from our model. When international relaships exist, as is the case for most developing
economies, they can use resources and new tecle®lbgm abroad and perhaps avoid collapse.
Unemployment is also a crucial issue in develogognomies, but following the standard treatment in
growth literature, for simplicity factors that peevt our SD model from reaching full employment are
outside the scope of our model and are excludeul.thie purpose of replication, the full model vioé
provided upon request. Table 2 reports the nizaleralues adopted for our base model. Exogenous
variables for the baseline model are calibrategeioerate a behavior such that the population amd th
natural resource are somewhat stabilized over am@bserved in thEdo era in Japan (Figure 2).
Some values are adopted from Brander and Tayl®@8)1&r Anderies (2003).

2.4 Model Testing

' Some of the exogenous parameters in our model dmilsiodeled as endogenous. For example, the rgregipacity
and the regeneration rate of natural resourcegidmilendogenous via innovation. Adjustment timesodten exogenously
given in SD models, but these could be endogenswgel. For example, Kostyshyna (forthcoming) segfg an adaptive
step-size algorithm to allow a time-varying leagspeed (or a time-varying gain parameter) thahgéandogenously in
response to changes in the environment.
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In many cases, a full suite of model tests, inelgdensitivity tests, extreme condition tests amtyn
others would be performed prior to actually applythe model to find answers to the questions posed
at the outset of a modeling projéttWe tested to verify that the integration stesims adequate.
The integration error test is a necessary procedoravoid producing dynamics resulted from
inadequate numerical approximation.

The baseline model run is shown in Figure 4. Ramn grows rapidly, then declines and
reaches a steady state value well above the indlake. The natural resource declines to nearliydfal
the carrying capacity. The model’s behavior inufgg4 is qualitatively similar to the behavior bét
Edo era in Figure 2, one of reference modes.

3. Results

3.1 Sensitivity Analyses

For this paper we consider the sensitivity analysdse a primary result in addition to serving as a
important model validation tool. Sensitivity anatygan be used to investigate possible transitional
paths for EESs. Given the complexity of such systatis almost impossible for an SD model to take
account of a complete set of information on allgdole future states. Nevertheless, policy makars c
learn from SD modeling and analyses various tramsitpaths that highlight possible
ecological/economic changes for society (Leachl.e2810)*? Given past experiences, Folke et al.
(2002) suggest “structured scenarios” as a tooknwgision multiple alternative futures and the
pathways for making policies.

In this study we analyze the system behavior iparese to changes in exogenous variables and
the impact of endogenous substitutability on sastaiity. The first section describes the system’s
sensitivity to savings, carrying capacity, regetierarate, population parameters. The system’s
responses to these parameters gives us a graspvahb system behaves. The second section sheds
light on a possible problem of a well-accepted niadeapproach in economics, that is, an exogenous
consumer preference. Third section shows the impa@ndogenous substitutability in terms of
sustainability.

3.2 Sensitivity to Savings, Carrying Capacity, Regeneration Rate, Population
Parameters

' What is particularly unique about our SD modehittstructural assessment was made based on ecothewiy,i.e.,
we assume that our model passes the structuresassastests because the basic structure of theldodidevs standard
economic theory.
2| each et al. (2010) points out that dynamics amahmexity have been ignored in conventional pokpproaches for
development and sustainability. They relate thislémcy to prevailing equilibrium thinking as we ddise in this study.

10



First, we vary savings rateby increments from .2 down to .01, which causepupetionL to
increase more rapidly, overshoot more deeply, &ed to settle at a somewhat higher steady state
value. Natural resourcé&sdeclines further as was reduced, but not drasticalliReturns to capital
increases significantly and was more volatile ($egure 5, left plot). Capital accumulatiold
decreases significantly, as expected. SuppM dicrease as well, bpi; is not affected.

Next we vary resource carrying capaclBy.x reduced from 12,000 to 600@.0opulation
collapses, even thoudgbstabilizes at the new value 8fax. This surprising result requires a close look
at its causes.

We then change the resource regeneratiorvyétem .04 to 0.2. As a result,increases more
sharply and stabilize. This is driven by higherviest levels. Consequently, natural resources
dynamics is relatively unaffected.

In another experiment, we double the sensitivitpiaths to resource good intake and halves
the sensitivity of births to manufactured good ketgsee Figure 5, right plot, red trace). Popatati
grows faster, overshoots more, and stabilizeshaglzer level. The natural resource stock droptefas
and further, ending up at a lower value. When tloesages are reversed, population increases slowly
and stabilizes at a lower level (see Figure 5,tnmbt, blue trace). The natural resource stoaiides
more modestly and stabilize$*roduction of manufactured good increases araliges. Returns to
capital declines steadily (but not as much as #elne) and stabilizes.

We also test the impact of higher sensitivitiestlté death rate to intake of harvest good
(doubled) and manufactured good (halved). Theltesare similar to the birth rate experiment,
meanwhile the timing of the peak inand the drop irs remains unaffected. When the changes were
reversed, population dynamics becomes flat, aloitf @l the other variables. This is another
counter-intuitive result and requires further inigegtion of its causes.

3.3 Sensitivity to Consumer Preference

In our model, following standard economics, a peziee for harvested goog, is exogenously given.

Although any value between 0 and 1 is consistetit wconomic theory, a low value fgt
yields an unexpected system outcome, as showrguré-6. Whergis 0.15 {.e., a lower preference
for H good), population becomes extinct at time 100.e@ithat the natural resour&@remains
abundant, this is a drastic, counter-intuitive lesnd needs further investigation on its driviagtbrs.

A constant preference for goods is a standard apprm economics, and the effect of varying
preferences on an EES has not been investigatedh @t997) points out that neoclassical economists
are very reticent to discuss the origin of prefeemnand that preferences are normally assumed to be
unchanging over time. Our sensitivity analysisywbaeer, highlights the potential significance of
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studying the effect of varying consumer preferertéeShe importance of endogenous preferences for
sustainability issues has been argued in ecologimahomics (Common and Stagl, 2005; Georgescu-
Roegen, 1950; Stern, 1997), evolutionary econorfiaswdy, 2007), and institutional economics
(Hahnel and Albert, 1990; Hahnel, 2001). Gowdy0@0argues that neoclassical economics assumes
that consumer choices are based not only on pigmals but also on other incentives such as
individual's personal history, their interactiontiwiothers, and the social context of the individual
choice. The author calls the former thetf-regarding preference and the lattethe other-regarding
preference. If these factors change over time, then prefergrahould reflect these changes. Gowdy
(2007) asserts further that modeling the otherndigg behavior would be more realistic for
sustainability research. Common and Stagl (200guerthat to change preference is a normative
requirement from a sustainability perspective,udaig the idea that there could be an ethical Hasis
changing preferences. While there have been sesis@lssions on endogenous preference, there is no
standard way of modeling endogenous preferencednanics literature?

3.4 Impact of Endogenous Substitutability Factor, p

As described in Section 2.2, the dynamic equatmrsbibstitutability factop generates an s-
shaped curve for the value pfover knowledge accumulation (KA) index varying from modest
substitutability p = -1, o = 0.5) to high substitutabilityo(= 0, o~ 1) which would be the maximum
substitutability ecological economists would thinklhe point at whicho begins to shift rapidly
upwards depends on endogenous technological ch@ige) which is driven by relative resource
scarcity.

Figure 7 shows the results of an experiment tofywehat o is in fact being endogenously
influenced by the evolving state of the system diwee. The resource regeneration ratea parameter
that strongly impacts, L, and the production rates for good andM good, is first doubled and then
halved. With a highen, natural resource is more plentifpl; remains relatively low for a long time,
and there is less pressure to learn (Figure 7pleff trace 1). Consequenttyremained low longer
(Figure 7, right plot, trace 1) before resourceleliggn eventually stimulategy, which increases KA
indexx andp.

B3t is not impossible to solve this problem using exogenous preference. For example, a Stone-Ggpey tility
function (Anderies, 2003) incorporates the minimamount of the quantity demanded for H into theitytilunction as

U(h, m): (h_hmin )ﬂ ml—ﬁ_ Then we can derive the demand functian(1—/3’) N +W?'B Hence, the first part does not
h

depend on the price. It means that people put &fért to harvest at least the minimum leve};,, irrespective of the

price.

4 One example of modeling endogenous preferenceojsoped by Stern (1997). Using the symmetric chariatics of

production and consumption, he proposes the famigmentation model using an analogy to endogenausiynenting

technology in production.
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Once the endogeneity gfin our SD model is verified, we can compare thaetoesults with
a fixed p and those with an endogengmsSimulation outcomes of six key variables, utiiter-capita,
populationL, natural resource stock H production,M production, and substitutability factgrare
shown in Figure 8, witlhp = -1, and endogenoys As Figure 8 indicates, while model behavior with
endogenouso contributes to larget, H, M, and more use 08 utility-per-capita shows barely
discernable. Barely changing utility-per-capitas@mewhat counterintuitive since our population
dynamic is not Malthusian but following the demquri transition hypothesis. Hence to check how
the population dynamics affect the system, seiisitanalysis to population parameters are conducted
next.

Next, we investigate how an endogen@muaffects the dynamics of the model through the six
population parameters: maximum birthrdig sensitivity of birth rate to resource good intake
sensitivity of birth rate to manufactured good k&t#,; maximum death ratdy; sensitivity of death
rate to resource good intaklg and sensitivity of death rate to manufactureddgmbaked,. A few
illustrative samples are shown in Figure 9, andréds of the results are summarized in the foll@wvin
paragraphs. In each box, there are three plot®septing the outcomes with the parameter at its
initial value (green, 3), doubled (red, 2), andvedl (blue, 1).

The sample plots shown in Figure 11 as well as nahgr plots not shown reveal that the
effects of endogenoys are modest. When maximum birthrdeis reduced by half (trace with 1's),
population grows much more slowly, and the steddteopulation is much smaller (not shown). In
this scenario, whep is endogenous the steady state population, haoegiod, manufactured good
(shown in Figure 9) are all noticeably higher; axadural resource stock somewhat less. At basbline
(trace with 3's), the impact of endogenous vs.dixas not noticeable. Whely is doubled (trace with
2’s), model variables are all significantly impattdut the impact of endogenous vs. fixeds not
noticeable.

Results when varying sensitivity of birth raterésource good intak® are similar, except that
the impact of endogenous is noticeable for all three values bf. As with by, the impact of
endogenoug is most apparent whdn is halved and population growth is much slowergfaswn in
Figure 9). When sensitivity of birth rate to maraitaed good intakd, is varied, the results (not
shown) are similar to whemn, is varied.

When maximum death rath is varied,L, H, M, andS are all impacted considerably, as would
be expected. The impact of endogengusn H production is most apparent; wheg is increased
population declines (as shown in Figure 9). MoL, andS, the impact of endogenouss apparent for
all three values ad, though less fo&.

When the sensitivity of death rate to resourcedgataked; is varied results are very similar to
the results for changindy. For sensitivity of death rate to manufactureddymtaked, the effects on
model behavior are much less than with the otlver fiarameters. Endogengasas a small impact on
L, H, M, andSfor all values ofd,.
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Overall, the impact of the current formulation Esxdogenous substitutability, is modest. In
particular, the impact on utility-per-capita is élgrdiscernible. We provide possible interpretaiam
Section 3.5.

3.5 Impact of Technological Progress on Utility-per-Capita
As mentioned above, endogenously improving sultability affectsM, H, L andS, but not utility-
per-capita. We next investigated the impact of coimly endogenously improving substitutability
with other aspects of technological progress. &the purpose of this investigation is to study the
impact of differentombinations of knowledge accumulation and technological pregmather than
studying endogenous drivers for technological peegy we employ exogenous formulation for
technological progress.

Since our motivation is to understand what infleeshutility-per-capital, we first consider how
u is calculated as a function b, Mc, andL:

—_ HC MC — HC ? MC a
”(h'm)_”( L L J_( LJ ( ] j 43)

SincedHc, dMc, anddL can be positive, zero, or negative, there are ncamybinations that could lead
todu > 0.

We experiment with the two primary types of tedogecal progress discussed in the literature
on economic growthe(g., Groth, 2007): 1) total factor productivity fdf, and 2) resource-saving or
Hu-augmenting technological progress. For simplicity, the following tests, a simple form of
exogenous technological progress is used to simekath type technological progress.

E = E g™ =eM (15)

wherek is either TFP oHy-augmenting, and, _, and A« are, respectively, an initial productivity,

which is assumed to be 1, and growth rate of pripdticfor k.

Figure 10 shows selected results. There are sepemts worth highlighting. First, for both
types of technological growth using simple modets)sistent with the literature (Stiglitz, 1974; @ro
2007), utility-per-capita could increase when tkehnological progress is large enough, even with
limited and constant substitutabilitg, < O.

Second, utility-per-capita is larger when subsaibility changes (improves) endogenously, for
both types of technological progress: TFP &hgaugmenting. However, the mechanism for the two
types is quite different. With TFP;c, Mc, and L are higher andS is lower with endogenous
substitutability compared to constant substitutgbil This means that in the endogenous
substitutability case, the increasedHdionandMc are large enough to overcome the increade which
is not true for constant substitutability. WithyFaugmenting technological progress, howetrsr, Mc,
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andL are lower, and& is higher with improving substitutability compartm constant substitutability.
This means that the decreases iare large enough to overcome a decreastciandMc, compared
with the results of constant substitutability.

In sum, regarding technological progress and gubability, while further experimentation is
warranted given the complexity of the model, préfiany experimentation indicates that endogenous
substitutability coupled witlHy-augmenting technological progress could be a ustfategy that
could improve utility per capita without over-comsing S.

4. Discussion and Conclusion

The extended ecological economics model developddested in this paper draws heavily on
economic theory and prior research by many ecortemespecially those focused on ecological
economics. Our aim is to demonstrate the benefitemploying the system dynamics method to
complement the methods used in the economics fi€ltkse benefits include: a) a greater reliance on
simulation rather than analytical solutions, whatlows the use of more complex formulations; b) the
use of various diagrams to improve the transparesmg accessibility of the model logic and
assumptions; c) a focus on the analysis of thebi@ed structures and the time dynamics as well as
equilibrium conditions; and d) an emphasis on rogra wide variety of experiments to fully exercise
the models and increase understanding.

In addition to striving to remain faithful to ecana theory, we subject the model to a variety
of sensitivity tests. These tests yield new inghSome of the specific findings include: 1) the
common practice of assuming fixed consumer preteemather than endogenously determining the
relative preferences for different goods dependingcurrent conditions, 2) the assumption that all
important results can be found by finding equililoni solutions rather than taking into account how
complex systems learn and adapt based on disrgpaod other changes that drive them out of
equilibrium perhaps for long periods of time, 3¢ tmodel’s response to very small savings rates
indicates a higher degree of volatility and vulielity, 4) exploration of resource carrying cap#cit
and regeneration rates exhibit both favorable athteide outcomes and constraints, 5) experiments
with the sensitivity parameters in the populationd® indicate the potential for both population
collapse and for trajectories that are more steamtlydo not lead to collapse, and 6) experimentis wit
input substitutability factor,p, including making o endogenous, suggest that influence of this
parameter may not be strong.

Experiments that combined exogenous technologicairess with endogenous substitutability
suggest that it may be possible to maintain or awerutility per capita while maintaining relatively
high levels of population and not over-consuming ttatural resource. While this result is based
purely on experimentation with a theoretical modtes nonetheless intriguing.

All of the findings in this research must be caesed highly preliminary, however, since the
model on which they are based is subject to mamytdiions, especially the restrictive model
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boundary documented in Table 1, and the need forchmmore testing, including the
application/calibration of the model to represesitial developing economies in a realistic fashion.

We hope nevertheless that we demonstrate congiycihat the system dynamics method has
considerable potential to complement economic rekeaespecially ecological economics, which
strives to address the complex interactions betwbeneconomy, ecological systems, and human
behavior. We specifically highlight several constive directions for the further development of
ecological economic models that can help improve understanding of the dynamic interactions
between population growth, resource depletion, rfeaturing, capital formation, savings rates,
substitutability of manmade capital, innovatiorg,. et
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Case A: With TFP Technology

Case B: With Hy-augmenting Technology
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Endogenous

Exogenous

Excluded

Population
- Population )

- Birth Rate b)

- Death Rated)
Natural Resource

- Resource stockg

- Growth of S(G)

- Harvesting ofS (Hs)
Harvesting

- Inventory ofH

- Supply ofH (Hs)

- Demand foH (Hc + Hy)
- Price of gooH (pu)

M anufacturing

- Inventory ofM

- Supply ofM (Ms)

- Demand foM (M¢)

- Price of gooM (pw)

L abor

- Labor forH sector L)
- Labor forM sector Ly)
- Wage ()

Man-M ade Capital

- Man-made capitalK)
- Rental pricen)
Household

- Total earning\ +r)

- Spending s h + pym)

Population

- Initial population o)

- Impact ofH andM on
population by, by, dy, dy)

- Maximum fertility rate bo)

- Maximum mortality rate
(do)

Natural Resource

- Initial natural Resources))

- Regeneration rate of natura
resource A)

- Carrying capacity$max)

Harvesting

- Efficiency parameterd)

- Adjustment time fopy

Manufacturing

- Adjustment time fopy

- Efficiency parametery

- Substitution parametep)

- Weight parameter for H-K
compositey)

- Distribution parameterj

Man-M ade Capital

- Capital depreciation rate)

Household

- Consumer preference for

goodH (0)
- Savings rateg)

=

Non-renewable resources
Negative externalities of
production (pollution)
International relationships
(exports, imports,
immigration, emigration)
Unemployment

Table 1. Model Boundary
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Parameter Value Reference
Population
- Initial population [o) 40 Brander and Taylor
- Maximum fertility rate bg) 0.1 Anderies
- Maximum mortality ratedp) 0.2 Anderies
- Sensitivity of birth rate to resource good intakg (| 1 Anderies
- Sensitivity of birth rate to manufactured good 1 Varies as in Anderies
intake @)
- Sensitivity of death rate to resource good intakg |(5 Anderies
- Sensitivity of death rate to manufactured good |1 Varies as in Anderies
intake ()
Natural Resource
- Initial natural Resource)) 12,000 Brander and Taylor
- Regeneration rate of natural resourgg ( 0.04 Brander and Taylor
- Carrying capacitySQmax) 12,000 Brander and Taylor
Harvesting
- Efficiency parameterd) 0.00015 | -
- Adjustment time fopy 2 -
M anufacturing
- Adjustment time fopy 2 -
- Efficiency parametery) 1 -
- Substitution parametep) -1 -
- Weight parameter for H-K compositg ( 0.5 )
- Distribution parameterj 0.5 i
Man-Made Capital
- Capital depreciation rate)( 0.1 )
Household
- Con_sumer preference for gobld(f) 04 Brander and Taylor
- Savings rateg) 02 ]

Table 2 Parameter Values used in the baseline model
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