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ABSTRACT

Probing the Mechanics of Environmental Kuznets @uriieory

by

Jeremy Lynn Kidd, Doctor of Philosophy
Utah State University, 2009

Major Professor: Chris Fawson, Ph.D.
Department: Economics

The theory of the Environmental Kuznets Curve (BEK@poses to answer important questions
regarding the connections between economic grod#velopment) and the environment. The theory
postulates the environment need not always suffahea economy develops, and it has generated strong
support and opposition. Rather than attemptingefend or debunk EKC theory, this research chadieragy
practice engaged in by proponents and opponeris. albimplifying assumptions are a necessary fart o
economic analysis, but this research shows that emsymptions may not be universally applicable.
Utilizing, in turn, a simple one-good model andrttiemore complicated two-good model, it is disceder
that the competing assumptions utilized by proptsiand opponents of the EKC theory may both belyali
depending upon the conditions present in the syb&ing analyzed.

(120 pages)
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CHAPTER 1

INTRODUCTION

Is there a destructive link between economic ghoand the health of the environment? Has
history determined the one will always be at thpemse of the other? If so, what does it mean for
economic and environmental policies? Can theyrbated to support growth without compromising the
environment? The theory of the Environmental Kugrn@urve (EKC) has been proposed as a partial
answer to these questions. EKC theory proposesidgaadation of the environment need not always be
the result of economic growth. Instead, this thigmustulates that once a society has obtained sewveé
of national income, the environment should begiiriprove as incomes continue to rise, through ceang
in consumption, changes in production, or ot the theory is correct, then it may be posstblachieve
both a high standard of living and a clean envirenmif incorrect, then the global environment may
further degrade, despite economic development] thi earth’s capacity for sustaining life has been
exhausted. This research proposes to further maerstanding of the accuracy of the theory by advan
the sophistication of dynamic modeling of the tlyeor

A vigorous debate has arisen with regard to tHielitysaof the EKC theory and its applicability to
real-world data. Several economists have provitledretical and empirical support for EKC theonycls
as Grossman and Kreuger (1991, 1995), Lucas €1992), and Selden and Song (1994), yet just ayman
have questioned whether or not this phenomenonsexsisch as Stern et al. (1996) and Ali Khan (1997)
Existing literature has examined the empirical datéering opposing views on whether the data regnés

an outcome predicted by EKC theory and proposiegrtical explanations for the empirical resuli$he

! So named because of similarities to the work ofdi Kuznets (1955, 1963). Kuznets posited an teder
U relationship between rising incomes and inconegjirality. He concluded that countries with risingomes would
see political power and income increasingly conegetl in a small portion of society. That concatitn would
continue until incomes had risen to a certain leaéier which a middle class would begin to develapich would
dissipate the concentration of political power andome, leading to a more equal distribution offbatong the
population as incomes continue to rise.

2 As attitudes towards environmental quality charigeividuals change their consumption, and prodsicer
begin producing environmentally friendly produciBhis change in attitude toward the environmertfien attributed
to environmental amenities being a normal good.wél@r, in the presence of diminishing marginalitytifor all
goods, the same result is possible under the wesdseimption of normality, as discussed in McConfi€187). Kelly
(2003) shows that the assumption of normalityneeessary condition for flow pollutants.
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ongoing debate surrounding the potential for an Bk greatly advanced our understanding of how
economic development and environmental quality tighlinked, but questions remain.

For example, EKC theofywas generated in response to a long-standing elabatr whether
environmental problems can be solved without diggmternment intervention, or whether the process of
economic development may be sufficient to protée environment. However, most experts, with
relatively few exceptions, agree that while incezhsicome will result in an individual's increasgeimand
for a clean environment, an actual reduction inilemvnental degradation will occur only as governimen
reacts to the collective demand for environmentellity.” Direct government action may be required as a
catalyst for an EKC, or perhaps the necessary @sangn begin if the government’s role is limited to
providing appropriate incentives.

One possible link between individual demand angegament action is an open democratic
process (Torras and Boyce, 1998 and Pfaff et @012 In the United States, the democratic probass
resulted in several environmental policies, inahgdihe Clean Air Act, the Clean Water Act, the ARidin
Act,® and reductions in the amount of public lands opelogging. Critics of the democratic process isay
moves too slowly to effectively protect the enviment; fragile ecosystems can be destroyed while
democratic processes march on towards a defirdbwnelusion. However, others defend democratic mean
as a necessary trade-off between protection oétlvéonment and individual freedoms; if the envirant
is to be protected, it should be because indivalirabociety care about the future and wish itesb.

Data for the United States is, for the most paiked. Several measures show reductions in the
total level of environmental degradation over thexigd of 1970 to 2000: emissions of most airborne

pollutants declined;water quality improved in many categorieand total land forested in the United

3 The existence of an EKC was first proposed by &r@s and Kreuger (1991). The authors did not tjige
phenomenon the name “Environmental Kuznets Curlat’they were the first to formally postulate a dyagic
relationship between national income and pollution.

4 Two prominent exceptions are Beckerman (1992) Rawayotou (1997). Aubourg et al. (2008) provide
empirical evidence that greater freedom resultsfiatter EKC for carbon dioxide.

® Title VII of the Energy Security Act of 1980 [P.86-294].

5 USEPA, National Air Pollutant Emission Trends, 090998, EPA-454/R-00-002, U.S. Environmental
Protection Agency, Research Triangle Park, NC. k&@00

" As evidenced by the trend towards higher watefityustandards as lower standards are met.
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States increased after almost a century of deflifibese statistics, combined with the rise in ihSomes
for the same three decades, might lead a casuanasto conclude that EKC theory is accurately
describing the empirical data. However, otherytahts, primarily greenhouse gas emissions, haga be
increasing over the same period. These discregmrmieclude any blanket assumption regarding the
empirical accuracy of EKC theory and raise certataresting questions: Does EKC theory apply ooly t
certain measures of degradation? Hasn't the thiédavel of income been reached for greenhousesfas
Are there other factors or phenomena at work?

These questions are complicated further by otlenptex issues, such as trade. Wealthier
countries may create “pollution havens” reducingirtienvironmental degradation by exporting pollgtin
(“dirty”) industries to poorer countries. For exale the United States may increase imports of sitleer
than produce it domestically, thus reducing doroestnissions of sulfur dioxide; the United Statesyma
similarly increase its imports of lumber, reducihgmestic deforestation. These actions would indarce
apparent domestic EKC, but would result in greategradation of the global environment. Of course,
global degradation is not guaranteed under thesditimns, but it can certainly be compounded, eisigc
if a developed country turns to under-developedntrees for the production of “dirty” goods and
ultimately consumes more dirty goods than if atbguction remained domestic. In that case, mor@ tot
production of the “dirty” goods leads to greategi@alation of the global environment.

Global degradation may be greater still if the testbgy in underdeveloped nations is deemed
“dirtier” than similar technologies in developeduntries. For example, if the steel-producing tetbgies
of under-developed countries are less advanced thaese employed by the United States, then the
resulting pollution may cancel any benefits the telahi States may receive for exporting that industry.
Conversely, if the technology is cleaner, the deseein pollution per unit of output may lead tooaver
level of total degradation.

Complex issues such as this are natural ingred@nésonomic analysis. EKC theory combines
the very complex processes of economics, tradetlamdenvironment, and the answer to whether EKC

theory is correct may be much more than a thealetioncern. What to the casual observer seems an

8 USDA, U.S. Forest Facts and Historical Trends886-M, U.S. Department of Agriculture, Forest Seeyi
Washington, DC, June 2001. There is some conbetrthiere may still be a net decrease in “nataraist.”
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esoteric concern may instead directly impact theréuwell-being of every human being, through both
economic and environmental processes.

Within the rich debate that has arisen surroundimgse important issues, certain common
assumptions are regularly used. Assumptions aremnmmplace in economics, and for good
reason--assumptions allow for modeling of complgsteams in a way that allows us to understand basic
relationships much better. Without assumptions;hmf economics study would be impossible or atlea
extremely difficult. However, the information weeaable to glean from our models is only as goothas
accuracy of our assumptions. In the EKC litergtassumptions are made regarding how society @alttr
to such things as changes in the fixed or variab& of abatement methods, or changes in socittgtes
and preferences for consumption versus a cleama@maent. Most assumptions seem perfectly logindl a
intuitive,” and may be successful in predicting outcomes aggnificant range of parameter and variable
values. However, due to the complex nature ofett@nomic and environmental systems which need to
interact to create EKC phenomena, it is possika tie assumptions may not be univertlaéy may not
hold under certain plausible circumstances.

This research utilizes single- and dual-good mottetest whether certain assumptions regarding
changes in parameter values yield expected resGlspter 2 traces the evolutionary steps of EK&1th
from the early 1970s through today, discussing owpments in both the empirical and theoretical
literature and providing an overview of the currétdrature. Chapter 3 uses both a simple contisuo
time, deterministic variant of the Kelly (2003) neddas well as a discrete time, deterministic moubetest
whether the intuitive assumptions utilized by Kedlgd others hold up under reasonable conditiong W
discover that even a simple model is sufficientynplex that predicting the results of parametengeas
troublesome. Specifically, we discover that thene competing effects to many parameter changedasi
to income and price effects. We also discover ¢changes in certain parameters can cause initiedases
in pollution, but long-term decreases in pollutiam, indication that the time paths of variablesdneet

shift uniformly up or down as parameters changes.

9 Of course, not all assumptions are created eddatidison (20086) criticizes the implicit assumptitat
emissions in one country are unaffected by eventeighboring countries.
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Chapter 4 extends the model by incorporating thmacity of society to choose between “green”
and “dirty” production and consumption, as an addal means by which society may choose to improve
its environment. Once again, we find that int@tiand commonly used assumptions do not hold under
plausible circumstances, offering an additional dvof caution in relying on these assumptions. The
difficulty in predicting with certainty the effectf parameter change suggests that the nature sfgtemic
reaction to parameter change may be highly depéngsm the characteristics of individual pollutatfts
the relative values to society of consumption andirenmental amenities at a given point in times,. et
This potential for variation in the systemic reantto parameter change may help explain why theentir
debate has been unable to reach a consensus. eCbhapbncludes this analysis and presents possible
avenues for further research.

This dissertation is not intended to be a finalwarsto the EKC question but rather a word of
caution to fellow researchers into the mechanicamEKC. Moreover, it is intended as a word ofticau
to all who intend to effect environmental changéhwi their countries and in the world, for thiseasch
indicates that common-sense assumptions may nebrpect in all circumstances. This research indiga
that environmental improvement will not be achieuedhe same way in all countries, and that achigvi
desired environmental improvements will requireigpohakers and other interested parties to carefully

tailor environmental policies to the particularccimstances of their nation and region.

10 The fact that different pollutants have differetaracteristics is not surprising, but some re$easc
assume that a valid point with regard to one pafititholds universally for all pollutants. As arample, Wagner
(2008) argues that econometric attempts to progeeitistence of an EKC for carbon dioxide are flaw&hce those
arguments are made, however, Wagner assumes s$teigiments are equally valid as against the existef an EKC
for all other pollutants.



CHAPTER 2

LITERATURE REVIEW

EKC theory has evolved over several decades frenmitial intuitive conception to the complex
theoretical models of today. Like all theories, Ekheory has had a number of iterations, as indalid
contributions have been proposed and either actepteejected. These contributions began in trs pa
century with a general concern over whether postiWgidwth patterns could continue without destrayin
the environment. Through successive steps of érapiand theoretical debate, a quadratic relatignsh
between income and environmental degradation hes peoposed, criticized, defended, and criticized
again.

Along the way, the shortcomings of each iteratiamehbeen pointed out and elaborated upon by
those not sharing the same view. This proces®iotqounterpoint has generally improved the quaiit
subsequent analyses, and brought us closer t@eeclkenderstanding of the relationship between @oin
growth and environmental quality. However, in mamgys the underlying questions of EKC theory
remain unresolved. This chapter presents, in bBagh, representative works from each iterativep ste
outlining their contributions to our present undansling of EKC phenomena, as well as highlightimase

aspects which were thought lacking by observeiticgrand sometimes supporters.

2.1. Genesisof the growth/environment debate

An important first step in the evolution of the EKheory was the development of a growth versus
environmental quality debate. Common sense infousighat living on a planet with a finite volume
introduces resource constraints, and the lengtbggss by which productive resources are generaigd a
renewed only serves to strengthen that constra@iny, society living on this planet can be expedteéace
some form of debate over when that constraint mattome binding; in other words, it is likely thaieey
forward-looking society on earth will engage inrawth versus environmental quality debate.

One of the first examples of such a debate in nmoe@rstern civilization was Thomas Malthus
(1890), who expresses concern over humanity’stahii feed itself when population grew geometrigall

but food production grew only arithmetically. W#iMalthus’' predictions have not been realized, the
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concerns over finite resources and potentiallynitdi resource demand remain valid to the extent tha
mankind continues to inhabit a world with finitescairces.

In the centuries between Malthus and 1970, thevtrorersus environment debate certainly
continued, and it gained strength in the wake efithprecedented growth experienced by the UnitatkSt
after World War 1. There began to be call for lsuurto economic growth in order to protect the
environment out of fear that uncontrolled econogrowth would lead to exhaustion of natural resosirce
and deterioration of air and water quafity.Ruttan (1971) responds to these calls with a nderi that
technological advancement has the potential to lie¢p environment cope with continued economic
growth. If applied correctly, technical forces twballow economic growth to continue without nece#y
destroying the environment.

The debate that persisted through most of the 1@@fsbest be exemplified by the works of
Meadows et al. (1972) and Beckerman (1972). Meadztval. (1972) predicted that the exponential oate
economic growth would lead to overpopulation ané éxhaustion of environmental stocks and natural
resources; this, in turn, would bring economic diote a halt. Beckerman (1972) responded, stdtiat
poor societies would never be able to afford abatgnor clean-up costs, making economic growth a
requirement for a cleaner environment: greatemwtroprovides necessary public and private funds to
achieve environmental improvements.

Many related Meadows’ predictions to those of Mad more than two centuries before, and, in
the end, Meadows’ predictions were not realizeldeeif Technological change has apparently allowed the
world to avoid Malthus’ and Meadows’ predictionsiowever, as Radetzki (1992) notes, technological
advances may not continue indefinitely, so we matybe able to rely on it to save us every time:

The purported environmental threat posed by econgmiwth cannot

be waved away by pointing to the failures of earldbomsday
prophets. After all, the current world economyais larger than 20 or

11 Ruttan (1971), p. 707.

121n Beyond the Limits, Meadows et al. (1992) stii@t they were not predicting anything, merely tayi
before the world choices of alternative paths ttiet human race could follow. They also stress thhile
technological progress may have extended the timmgl which present consumption levels are possiulenanity
had already overshot Earth’s capacity to suppamdnity in the long run. In Limits to Growth: Th® Year Update
(Meadows et al., 2004), they again issue theirlehge to humanity to find a way to return to a aumsble level of
existence by raising consumption levels of the psbin society while reducing the ecological footpof mankind on
the earth.



200 years ago, so the probability of hitting agaere or other resource
constraint could be greater than in earlier peri@ols121)

Still, Radetzki also notes that most of the chartgethe environment over time have been benefioal
mankind with relatively few negative spillover effs. Neither Beckerman nor Meadows could claim
complete victory in the debate; economic growthtiomed mostly unabated, yet the environmental &dfec

have been mixed through the 1970s and 1980s. di&tel, however, was far from ended.

2.2. First empirical studies

As economic growth progressed through the 1989slic the debate over whether such growth
could be maintained without permanent damage teettwironment® In an attempt to shed light on the
link between economic growth and the environmemg, World Bank commissioned a study in the early
1990s; the goal of the study was to determine efffgct free trade had on the environment during the
1980s. The economists tasked with completing tiys Grossman and Kreuger (1991) found evidence to
suggest that the economic gains from trade doesatitrin harm to the environment. They discovet #n
inverted-U relationship appears to exist betweesingi incomes and environmental degradation, a
relationship which later came to be known as theéfenmental Kuznets Curve.

EKC theory is premised on the notion that, for raeti environmental degradation increases as
incomes rise; however, at a certain income leve} trend changes and degradation decreases while
incomes rise. Grossman and Kreuger (1991) arevieli by numerous other studies that show similar
results. Birdsall and Wheeler (1992) show thatntoes with more open trade policies saw environialen
quality increase as well as incomes; dirty indestrilid appear to migrate to poorer countries, anc
industries appeared to migrate at an even faster aad large corporations in clean industries pddor
higher environmental standards in both wealthy podr countries. Grossman and Kreuger (1995) find
inverted-U relationships for a number of measuresrwironmental degradation, estimating the turning
point of annual per-capita income at approximasdy000. While they admit that it is unclear whetthe

estimated relationship does, in fact, exist, thelele that such empirical studies were “an imparfast

13 Two good sources for data regarding developmenttee World Development Indicators, available from
the World Bank website (www.worldbank.org) and Suemmers-Heston data set, also known as the Penid \Wata
set (pwt.econ.upenn.edu).



step” (p. 360).

Subsequent studies have expressed a similar ityafoildraw firm conclusions regarding a causal
relationship between economic growth and envirortedledegradation. Lucas et al. (1992) found
inverted-U relationships between income and pet-afrdutput toxic releases of 320 different air,tera
and ground pollutant$. They offer a caution that this does not guaraateecline in aggregate pollution
levels, but such a phenomenon would be requireahifEKC were to exist. Selden and Song (1994)
estimate an EKC for various air pollutants, yetissa reminder that while the long-run promises lowe
pollution, the nature of an EKC promises higherrshan pollution levels, and that there is no guaea
that those higher short-run levels will not be d#ating to the environment. Shafik (1994) estimate
purely negative relationship between income andesamasures of environmental degradation; a purely
positive relationship for other measures; and Ef@@s/et others® He states that when the societal costs
of environmental degradation are internalizdbatement occurs rapidly, but if costs are extizedthen
abatement may never occur.

These first empirical studies set the stage fahér debate. They were, in many respects, overly
simplified in their assumptions, and approachedirdrerently dynamic process from a purely static
viewpoint. As discussed below, there were alsohodtlogical concerns with these initial attempts.
spite of their weaknesses, however, these EKC pisneffered a sufficiently convincing argument that

many economists were drawn into the debate in dodeorrect errors in an important area of research

2.3. Rebuttalsto empirical studies
In response to the first empirical studies, macgnemists and ecologists disputed the possibility

of a positive empirical relationship between incoame environmental quality. List and Gallet (1999)

14 A decrease in pollution per unit of output is ngr short-term victory, for increases in total gt may
cause total pollution to rise. On the other hamdhort-term increase in total output and, theegfpollution, may
eventually yield to a trend towards increasinghydo per-unit of output pollution levels.

15 Lack of safe water, lack of urban sanitation, alissolved oxygen in rivers exhibit a purely negativ
relationship; municipal solid waste per capita aadoon emissions per capita exhibit a purely pasitelationship;
and annual deforestation, total deforestation, esuded particulate matter, ambient sulfur dioxichel fecal coliform in
rivers (the latter is a cubic, rather than quadraélationship) exhibit an inverted-U relationship

18 |Internalization of pollution’s harmful effects fisore likely when those effects are concentratedllpcas
opposed to those pollutants whose effects are pidad.
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Munasinghe (1999), De Bruyn et al. (1998), and @laf and Vollebergh (2008)all criticize EKC
theorists for their implicit assumption that evexyuntry must pass through a similar developmerti.ffat
Due to the diffusion of technology to lesser depeld nations, there is no reason to expect one EKC t
describe the path all developing nations would (talsea poor country today could learn from the akiss
of countries like the United States and Great BritaRothman (1998) criticizes the focus of initial
empirical studies on production changes, stregsiagthe microeconomic behavior of individual econo
actors, both productive and consumptive, would ke@rmining factor in the development of an EKC
over time.

Others have rejected the notion that income détesrpollution and have suggested alternatives.
For example, Kaufmann et.gl1998) offer spatial intensity of economic actvias an alternate causal
variable, proposing a relationship between the eptration of economic activity in urban areas and
atmospheric levels of sulfur dioxide; Unruh and Mwawv (1998) provide some evidence that historical
events, such as wars, treaties, etc., correlatelglonvith changes in pollution levels, and mightreno
accurately explain decreases in pollution; Magr@000) stresses the need to include income digparit
measures; and Suri and Chapman (1998) utilize graygsumption as an explanatory variable in EKC
regression analysis. The latter study indicatest ttheveloped nations may see improvements in
environmental quality as incomes rise only becaihsy are importing pollution-intensive goods from
developing nations. Their results suggest tha frade, rather than offering a solution for envinental
problems, is likely to exacerbate them.

Substantial criticism of the first empirical stadj such as Grossman and Kreuger (1991, 1995),
has also come from those who generally accepthall theoretical foundations of EKC theory. For
example, Arrow et al. (1995) claim that the enviremt can only handle a certain level of polluti@idoe
its capacity to repair itself is gone. They sthi@ while countries likely do progress throughEC-like

pattern, high levels of pollution during the traimi may permanently damage the environment, itigiga

17 Specifically, Dijkgraaf and Vollebergh (2005) pbisut that moving to panel data sets, rather tfimple
cross-sectional analysis, has some benefits, lguieathat if the model does not allow for heteroggnéhe analysis
will remain fundamentally flawed.

18 In fact, some argue, as did Pearce (2005), that-emphasis on the EKC results in infliction of
environmental damage on the poor “just becauseishtee way rich countries developed hundreds @frs/eago”

(p. 30).
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that any future reductions in pollution may notulesn improvements to environmental quality. Maati

et al. (2007) criticize as being of limited usefds the use of cross-country analysis while, atsthree
time, providing evidence through the use of parshdhat an EKC is likely for a number of pollugnt
Stern (1998) criticize the early debate for its wmdocus on exploring empirical regularities amarigrge
set of variables, rather than attempting to gasigimt into the underlying mechanics of an EKC tle¢ioal
foundation.

These criticisms, from friend and foe alike, calgeoponents of EKC theory to rethink their

approach, yielding greater attention to methoda@lalgiletail, a slow shift towards theoretical reshaand

inclusion of a greater number of variables.

2.4. Second generation empirical studies

One response to criticisms has been the develdpafemore complex and inclusive empirical
models to test for EKC-like phenomena. Hettigealet(2000) expand the number of independent and
dependent variables tested, and find an invertediationship between income and the share of inidiis
production in national output, as well as a negatielationship between income and both end-of-pipe
pollution intensity and share of all polluting serst in industrial output. All of this seems to icate the
possibility that rising incomes could cause a deseein degradation, leading to the possible dewstop
of an EKC. However, it is also possible that tatalustrial output will increase, even as its shafréotal
GDP shrinks. Additionally, increases in total autgan outweigh reductions in per-unit pollutioks
such, a “race to the bottom” scenario, where piolfucontinues to rise, is still possible.

Wheeler (2001) also investigates the “race to thteom” and “pollution haven” hypotheses. With
respect to the latter, poorer countries do not Hagh enough incomes to demand higher environmental
quality, and thus attract polluting industries fromore affluent countries. Wheeler shows that aality is
improving in developednd developing nations, and concludes that informgiil&ion of air quality exists
even where formal regulation has not been adop@ule (2004) finds some evidence of pollution hayen
but only for some pollutants, and the evidence apmxkto be of limited significance.

Anderson (2001) provides evidence to support thieisms of Munasinghe (1999), showing that

implementation of new technologies at low per-apitome levels can allow developing nations t@iobt
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high per-capita income levels without high emissidiuring the years of transition. Chaudhuri anaffPf
(2002) address Rothman’s (1998) criticisms by usimgroeconomic data to test for the existence of an
EKC at the household level. Using household dedenfPakistan, they show that individuals at higher
income levels choose a cleaner immediate envirohm&hey then utilize a voting model to show how
individual preferences for cleaner personal envitental conditions might be aggregated to a national
policy level, leading to greater environmental éy&br a nation as a whole.

Many empirical studies have begun to focus in ati@dar aspects of EKC theory, no doubt in at
least partial response to the criticisms of St&898, 2004) and others. For example, MazzantiZatmbli
(2007) use NAMEA’ panel data to investigate whether labor produgtand environmental efficiency are
related. They provide evidence that improvemamtabor productivity are complementary to decreases
emissions per unit of output. Johansson and Knist(2007) examine Swedish sulfur emissions over the
span of the twentieth century, and determine thalevthe data roughly approximate the inverted-dpgh
of an EKC, that shape can be explained by the itransthrough four separate environmental policy
regimes within Swedef!.

Other studies have begun to investigate other bimsathat might play a role in the emergence of
an EKC. Di Viti (2007) addresses whether the ussitorms of common law systems or civil law systems
have any advantage in achieving improvements inr@mwmental quality with increases in income. They
find that emissions tend to be higher in common $yatems, but so are foreign direct investmentsgro
domestic product growth, gross domestic savingd,raarket capitalization, and that abundance oftahpi
explains all of these. They find that the resgltilow interest rates allow for implementation of
environmentally friendly devices and further enmin@ental protection. Merlevede et al. (2006) ante@b
al. (2005) both find that countries with larger ege firm size are more successful in improving the

environment!

19 Dutch National Accounting Matrix including Envirorental Accounts.

2 These regimes encompass the following time perib@30-1918; 1919-1933; 1934-1967; and 1968-2002.

2L Cole et al. (2005) find that large firms produosvér emissions per employee and per unit of output.
Merlevede et al. (2006) find that contries withgkar firms pollute more early on, but that the pneseof larger firms

makes it easier for countries to pass strict emvitental regulations, leading to large firm courstrengaging in
abatement at lower income levels.
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Markandya et al. (2006) focus on different envir@mtal policy choices in various European
countries, and find that policy decisions can sthitt EKC to the right or left, or lower it uniforyl
Auborg et al. (2008) find that countries that resture their debt service obligations or implement
democratic reforms see a shift in the turning pfantan EKC. Specifically, countries with lowerréign
debt obligations and greater freedom experiendatierf EKC. Park et al. (2007) include societdtural
characteristics, such as education, risk aversiongentration of power, and materialism. They make
findings: first, that higher emphasis on educatimreases environmental quality, and greater naditem
and concentration of power decrease environmenlity; and second, that when these cultural végmb
are considered, evidence of an EKC diminishes sapfiears.

Richmond and Kaufmann (2006) investigate whetheEKIE® might arise out of a response to
energy prices rather than income. The fluctuatdrrelative energy prices (i.e., the price of od a
compared to the price of coal), they argue, is nioitaential on the level of pollutants emitted this the
level of income. They conclude that rising incoraes almost assuredly insufficient to cause a @dser@n
environmental degradation, and that a more realifticus for societies wanting to improve their
environment would be to focus on raising energggwi Lantz and Feng (2006) provide evidence that
gross domestic product, a common measure of indani&KC analyses, is unrelated to carbon dioxide
emissions, but that either population or techn@alfi changes are more likely culprits for explaining th
emergence of an inverted-U shape in carbon dicaidissions.

These empirical studies have been somewhat sdictessesponding to critiques of EKC theory,
and have begun to address the mechanics by whidbk&h might develop. However, these empirical
efforts still appear subject to the criticisms ¢ér& (1998), in that they are less helpful in ustinding the

dynamic processes involved in the development d&I66.

2.5. Static theoretical models, pro and con
In addition to the empirical analyses mentionedvab many economists have constructed static

theoretical models that address Stern’s (1998kisnins, including De Bruyn et al. (1998), Gawantlale

22 The measure of technological change is a quadiatiindex, and the authors admit that a moreipeec
measure of technology should be possible.
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(2001), Antweiler et al. (2001), and Pfaff et &0Q1). Rather than specify dependent and indepénde
variables for a regression analysis in an ad hatnera these models develop a theoretical “snapsifa’
society in two different time periods, allowing thesearcher to see whether increasing incomesein th
second period increases or decreases pollutidreisgcond period.

Some static models indicate that a focus on rism@pmes as the cause of environmental
improvements may be misplaced. For example, DgBei al. (1998) utilize decomposition analysis to
argue that an inverted-U relationship resulted fromanges in environmental policy and international
environmental agreements, not by structural chamgése economy. Gawande et al. (2001) also argue
against easy answers for reductions in environrhelgigradation, showing that an EKC can appear over
time as wealthy individuals move away from areasmghpollution is higher. Such movement, if not
accounted for, could lead a cross-sectional stadietermine that rising incomes cause decliningupioh
when it may be lower pollution levels causing in@so rise in a given area.

Other static models provide support for a link kedw income and a clean environment.
Antweiler et al. (2001) use a supply and demandyaisato look at the effect of free trade on the
environment. Dividing the effects of trade intoale; technique, and composition, they find that the
increase in pollution from increased productioralsfis more than offset by the shift away fromlytirig
industries (composition) and the improvement irhtetogy (technique), leading to overall improvensent
in the environment due to free trade. Pfaff et(2Q01) also support the ability of an EKC to dewel
deriving a static model where households are altbtee“buy” environmental quality through changing
household production methods; under reasonableteumg] a household-level EKC develops.

These theoretical static models add importanghtsinto what might cause an EKC to develop,
especially when paired with the empirical resear@ntioned above. However, they are limited inrthei
ability to describe the inherently dynamic natufeth® decisions that societies make over time.ingis
incomes have the potential to affect a number ¢éi@lly relevant variables, such as the rateagfital
accumulation, which would tend to directly impaotiption levels, but also society’s marginal valoatof
a clean environment and/or capital, and consumptiowarious goods, including “green goods,” which

would tend to have a more indirect impact. Statarels such as those presented here are, by Hianen
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less capable of accounting for the temporally tdenected nature of the economic and environmental
variables inherent in EKC theory. However, thely san be useful in understanding certain charésties
of the EKC. For example, Plassmann and Khanna6{@0aGtilize a simple static model to investigate th

impact of technology and preferences on the edqitlivincome-pollution path.

2.6. Dynamic models

Empirical and static theoretical models will cérta continue to shed light on various aspects of
EKC theory. The process by which an EKC might dtgvés inherently dynamic, however, which lends
support to the belief that dynamic models holddheatest potential for gaining insight into thegars of
an EKC.

Selden and Song (1995) offer the first dynamidyais of EKC theory, showing that the optimal
path for society may follow an inverted-U. Thiglpaecomes more likely as technology advancesesd |
likely as pollution overwhelms the carrying capgoaitf the environment, as proposed in Arrow et al.
(1995). Selden and Song (1995) also issue a cathtad nothing guarantees a country will take thigneal
path, so focusing solely on the optimal path mdlyu little about the actual experiences of indial
countries as they transition to higher income level

Stokey (1998) develops both static and dynamic fspd@d indicates that an EKC is much more
likely with endogenous technological change. Sytk€1998) analysis focuses solely on production
changes, excluding any discussion of individualgdifying their consumption choices. While Rothman
(1998) criticized the tendency to ignore either ssonption or production, rather than recognizing the
importance of both effects, Stokey advances treraliire by introducing the concept of endogenous
technical change, something missing from most EK@lses® Cassou and Hamilton (2004) confirm
Stokey’s arguments, arguing that endogenous ecangnowth may help the emergence of an EKC in

situations where an EKC would otherwise not arise.

% Managi (2006) argues that, at least in empiritadlies, inclusion of a technology variable is neeeg.
Contrast that, however, with Johansson and Krist(@807), who admit that they do not incorporate cgethous
technical change but argue, and we agree, thatlsxddenot need to incorporate endogenous techdiage in order
to further the state of the literature.
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Anderson and Cavendish (2001) focus on policy dmtisnaking and technical change. They
stress that the traditional EKC model underestimatae ability of countries to obtain a cleaner
environment as incomes rise by ignoring the rofegaticy and technical progress. Kelly (2003) ints
an optimal control framework to evaluate how soplahners maximize utility that is subject to alptabn
byproduct. He concludes that an EKC is more liketger two conditions: first, when pollutants askite
slowly into nature, resulting in a faster build-appollution; and second, when the consumption eshudir
utility decreases, indicating a greater role fatesmn environment in determining the level of titienjoyed
by individuals and society. Both of these condisiotogether result in higher marginal benefits of
abatement and increase the likelihood of an EKC.

Ansuategi and Perrings (2000) address the interabetween nations where the environment is
concerned. They show that a country will chooségher level of emissions when it does not haviedar
the burden of its pollution, due to the transboupgmaoperties of some pollutants. The primary dragck
of their analysis is that it does not account far possibility of trade. To assume that countress affect
each other negatively without admitting the pot@ritienefits of trade on both countries leaves tiadyasis
incomplete and less helpful. On the other handssken and van den Bergh (2004) use optimal cotarol
measure the effect of trade on the use of extractedurces, and they find evidence for the potentia
existence of an EKC. However, they utilize a sirgpeial planner for both countries, maximizing shuen
of the two social utility functions. This strucéuappears inconsistent with the nature of nationegality,
each nation will independently seek to maximizértben utility.

Egli and Steger (2007) develop a simple model winetindividual households make the
abatement choice. They justify this assumptiorpbwting out that in certain industries, househdidar
the direct cost of abatement by having catalytiovesters or other technologies that reduce tailpipe
emissions. Their model considers that househatdeumt for only part of the cost of pollution, dwat
there will be at least a small negative externalithey then aggregate to the national level, ascuds the
public policy implications, such as the optimal taxsuch a situation. Similar to this researckythddress
the impact on turning points when society’s defirea clean environment is greater than the ddsire

consumption, equal to the desire for consumptiond kess than the desire for consumption. Their
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important contribution is similar to this researatthough it is much more limited in scope, andsdnet
address the full impact of parameter change, adonere.

Dinda (2005) creates a simple, single-good modi#l @ndogenous growth. Within the model, an
EKC emerges along the non-optimal path. It isrd=ilt of insufficient allocation of capital to @abment.

At low incomes, society is unable to allocate capib abatement. This situation is non-optimat, ibis
only at higher incomes that society is willing tociease investment to a level that more closely
approximates the optimal path.

Each of these dynamic models has advanced the dgb@te by providing clearer understanding
of what makes an EKC possible. In order to reacbreclusion regarding the EKC phenomenon, however,
there is a great deal yet to be investigated. almiqular, there are many assumptions made regattim
effect of certain parameters on variables in thedehoand it may be incorrect to assume that the
assumptions are universally correct. Criado (2088) Aubourg et al(2008) provide evidence that
variations between regions and countries will intgae results of an EKC analysis, which should urge
greater caution in applying assumptions. Moreogach model herein includes only a few of the many
variables that are likely involved in the developinef empirical results predicted by EKC theory,ieth
indicates that future research will likely investig further those variables that are necessary fborough

analysis.

2.7. Dynamic investigation of consumption and trade

This research represents an evolutionary stephénBKC literature by further advancing the
sophistication of dynamic analysis. The work ofliK¢2003) is used as a base from which to begimoae
extensive investigation into the mechanics of aetgs productive and consumptive choices througtef
choices which might determine whether an EKC wéNelop.

Kelly (2003) offers an initial answer to a lingagi question in the EKC literature: why do some
pollutants appear to exhibit an EKC while othersndt? According to Kelly, one possible explanati®n
that some pollutants are quickly assimilated irdture, while others remain in the air, water, augd in
hazardous form for a greater period of time, maki@r effects longer-lasting. Kelly develops grtimal

control model that shows the possible existencanoEKC when pollutants are not fully assimilatetbin
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nature in the current time period. Because cumpehitition causes a decrease in utility in bothspre and
future time periods, slower assimilation increaties marginal benefit of additional pollution cortro
Therefore, a forward-thinking society will maximitiee present value of a stream of utility arisingall
future time periods, giving pollution abatementagpddditional value, and making it more likely tlzat
society will engage in pollution control today.

Kelly utilizes a constant-population model, indingt that income levels rise as the economy
grows; with increased production, pollution riseghe absence of abatement efforts. By assumuust
function that is convex in abatement, the margauats of cleaning up the pollution are increasifidpis
would tend to result in lower abatement, but thare other pressures that might provide enough of a
counter-balance to result in increasing abateméut. example, an accumulation of pollution stocksym
begin to decrease utility to the point where thegimal benefits of cleaning up pollution outweidiet
marginal costs, leading society to engage in mostly abatement. At any income level, if the maagi
benefits to pollution control are greater than ierginal costs, then the income-pollution relatiopshas
a negative slope; it has a positive slope at inctawels where the marginal costs of pollution cohare
greater than the marginal benefits. By varyindedént pollution parameters, Kelly shows that timyo
assumptions needed to generate an EKC are: (1)stafaonction convex in abatement; and (2) that
environmental quality is a normal good.

Kelly utilizes a discrete time model that combirke above-mentioned cost function, which is
convex in abatement effort, with Cobb-Douglas tytiind production functions. He assumes a stoichast
process, operating under substantial uncertairgarding the results of abatement choices; he cloose
initial values for the variables; and he generédesissions curves” for a hypothetical country, siating
the path of income and emissions levels in the tgwver time. The path of emissions as capitatiét
rises is the primary concern of the model, and Ke@ltesents his results as “emissions curves” and
“pollution curves.” These curves show the levekdofissions and pollution at every level of capitalck,
and indicate a quadratic relationship for some sétgarameter values, but also strictly decreasing

strictly increasing emissions curves for other séfsarameter values.

24Kelly and this research use per capita capitalksés a proxy for income.



19
To a greater or lesser extent, much of the rec&@ Hterature has begun to address Stern’s
(1998) critique that too many unanswered questiensin about the mechanics of an EKC. Stern (2004)
renewed his criticism of EKC research, in genestating that there is only flimsy statistical suggfor the
existence of an EKC, and that a new generationaafets will likely disprove the classical EKC theamyd
allow for greater emphasis on finding ways to inyerthe environment at lower levels of incoffelt is
too early to tell whether the predicted demisela$sical EKC theory will become a reality, and éhare
certain areas that need illumination before Stef2004) “new EKC” wish can be realized. This resha
delves into one of those areas, specifically whretitie assumptions used by many researchers regatdin
impact of parameter change are universally appkcalriado’s (2008) observation that inter-regicenad
international variations can alter the results of EKC analysis can also be said for other relevant
variations, such as variations between industmesketween pollutants themselves. By using twoeisd
of increasing complexity, we can explore the questf just how much confidence we can and should

have in the assumptions we make related to thengaess of our models.

% Constantini and Martini (2006) create a model idrat they call a “Modified Environmental Kuznets
Curve.” In it, they use measures of sustainableld@ment, rather than variables representing enangrowth alone,
as their regressors. This is likely not the typetmnge Stern believes is necessary, but it dogsaa that researchers
have taken Stern’s criticisms seriously.
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CHAPTER 3

A CONTINUOUS TIME, DISCOUNTED UTILITY MODEL

3.1. Introduction

The conflict between proponents and opponents df Hi€ory arises in large part from a dispute
over the underlying assumptions used in both thieateand empirical research. While the wide \grief
assumptions cannot be simultaneously correct, tha#s not mean that seemingly contradictory
assumptions cannot be valid along different rangieparameter and variable values. Assume for a
moment the possibility that proponents and oppanehtEKC theory are all accurate, and that seeming
differences are explained by the particular stgritalues of certain parameters and system varialfes
that were the case, then a constructive dialogggtnairise to determine society’s options for moviog
higher level of income while protecting the enviment. This chapter uses a simple model to evaluate
whether a single set of assumptions need hold scatispossible values of system parameters and
variables.

We utilize Kelly's (2003) single-good optimal coofrmodel as a testing ground for some
common assumptions regarding parameter changerder to test one set of assumptions, we maintain
other common assumptions which are not the sulgédhis research. We utilize the social planner
construct, in which the social planner maximizesiaoutility by balancing choices of consumption,
investment, and pollution abatement (which improeesironmental quality). Specifically, the social
planner balances current consumption with futurensomption while simultaneously balancing
consumption with a clean environment. The soclahiper construct is typically used for the sake of
simplicity, but it is subject to certain criticismbirst, it may not be accurately descriptive oé tivay
choices are made in a society where individualsi@eimaking, rather than central planning, govenasy
societal outcomes. Second, the social plannerteansdoes not allow for the existence of negative
externalities, or it guarantees that any such eatities are internalized completely. We utilibe tsocial
planner construct, even with these potential dsitis, because we aim to investigate the univeysalit
narrow category of assumptions utilized in EKC nisdeThe social planner assumption is not one ef th

assumptions we wish to investigate, so we mairtdamallow this research to focus on those assigngt
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we wish to investigate.

It is for the same reason that we choose not tawsecomponents of Kelly’s (2003) model--the
stochastic effect of pollution on the environmentl dhe desire of society to avoid abatement in rotde
better understand the process by which environrelgggradation occurs. Kelly and Kolstad (2003)
developed these components in order to allow tleebetter model the uncertain effects of carbon idmx
on climate change and to represent the desireroé 4o postpone addressing the impact of carboridiox
until the process is better understood. While ftassible, or even likely, that these same cheriatits are
shared by all environmental problems, the impactimdertainty on the process is not the focus o thi
research. We wish to focus very closely on a fjgeguestion, and we wish to avoid the possibittat
that question will be confused by interesting, titelpful for our purposes, results arising sotaly of the

stochastic nature of Kelly’s (2003) model.

3.2. Themodel®

Our model represents a primitive society, with ayview level of capital,k, and a pristine
environment,m. As society grows economically, capital increaseisat the expense of the environment.
The use of capital to produce output also resuitpallution, m, which detracts from environmental
quality. The measure of environmental quality ¢ Eme can be ascertained by looking at the diffee

betweenm and the level of pollutionfm—m ), so that as pollution approachas, environmental quality

approaches zero. It is also possible to Beas the carrying capacity of the environment, aidieed by
Arrow et al. (1995), such that if pollution exceedds the environment has lost some or all of its cdpdc
repair the harm caused by pollution, and will bee¥@r unable to recover to its previous state.

As an example, consider the Chesapeake Bay watkrshéMaryland, Virginia, Delaware,
Pennsylvania, the District of Columbia, and New Rk.oln recent years, increasing pollution runoffrfr
farms, municipalities, or water treatment plantgehked to increasing levels of nitrogen and phospis,
which in turn have led to a decline in native spseci Invasive, non-native species that thrive ighhi

nutrient waters have begun to replace native speai® it is thought that, if a way to reversettiead is

% The model presented in this section will follovg @osely as possible, the model presented in Kelly
(2003). Any deviations from the model will be sifieally noted.
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not found quickly, the Chesapeake will be pushegbhé the capacity to maintain its native speciés.
other words, if pollution levels rise too high, inatspecies will be completely replaced by invasipecies,
and the previous ecosystem will be gone for goblde permanent loss of native species, and espetiiall
blue crab, which many Marylanders consider a p#uthe state’s identity, would be a terrible blow to
residents of the states in the watershed.

The potential for society to suffer because of emunental harm is also represented in the model,
where society gains utility), from two sources: consumptiony, and environmental improvementsnf:
Society experiences diminishing marginal utility both consumption and environmental improvements.
Note that environmental quality is representedhgyriegative of pollution, representing that a desedn
the level of pollution is what gives society anre®se in their utility. The amount of pollution ited per
unit of output,c, is fixed. We calb the pollution intensity parameter, but it can di&othought of as the
environmental component of production technolody.value of zero fors would indicate a completely
clean method of production, without environmentdigrmful byproducts of any kind, and a value of one
would represent technology where every unit of outpat could be consumed would be accompanied by
an identical amount of pollution. There is a setdachnology component), which represents the
efficiency of capital. A higher value éfrepresents a higher level of output per unit gitsd This model
is a fixed technology model, s&, like o, is fixed. Mazzanti and Zoboli (2007) discusshtemogical
innovation in a similar way, as divided betweenowvattions in productive efficiency, and innovations in
environmental efficiencyg.

Since the social planner cannot change the envieatath component of production technology,
and since society values a clean environment, dhilsplanner must find some other way to raisétyiti
through environmental improvements. She can engagdforts to mitigate, or abate, the harmful side
effects of production. This abatement process mcsimultaneous with production, so that the social
planner chooses the percentage of pollutigrip abate, and the total output is reduced by sameunt,
G(u). A value ofu = 0 indicates that the social planner has chose&mgiage in no abatement measures, so
that production output will be maximized, but pdilen will occur at whatever level is indicated bythe

pollution intensity parameter. A value of= 1 indicates that the social planner has chosembate all
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pollution arising from production--the cost will bdagher, but there will be no harm caused to the
environment.

Production itself occurs in a proce$gk), where capital is the only input, and where capita
experiences diminishing marginal returns. Oncecib& of abatement (in terms of output foregone) ha
been factored in and the social planner has aldctite optimal amount of net producti®ifk)(1-G(u)) to
consumption, the remaining production output isvested into capital at a 1:1 ratio. That amount of
capital is added to the existing capital stockreasing the amount of capital available for promburcin the
next time period. That increase in capital is @ffsomewhat, by the fact that capital depreciatesfixed
rate,d;. A depreciation rate of zero indicates that @gig permanent, and a depreciation rate of one
indicates that society must replace the entiretahpiock each time period. Likewise, whatevedyimin
survives the abatement procesBb(k)(1-G(u)) will add to the pollution stock. The stock oflipton
decreases at the rate at which pollution is capablbeing assimilated into the environmed#f, An
example of pollution assimilating into the envirogmh can be seen in the limited capacity of all {gan
remove carbon dioxide from the air during theimpiestion process. An assimilation rate of one ns¢hat
there is no carryover pollution to the next timeripg in other words, a pure flow pollutant. An
assimilation rate of zero means that society i®ever stuck with the pollution we allow into the
environment, similar to the current situation wihent nuclear rods that have a half-life of thodsaof
years.

So, in mathematical terms, the social planner mesasnutility, U, =u,(c,,—m, ), Where utility is

twice differentiable and concave in consumption andironmental improvements, and that it satisfies

2
Inada conditions: Y. _ 5, Y g, M. g U _, U.(0-m)=c0, U_(o0,-m)=0,
oG act ? 5(— m, ) 8(— ”1)2

U_.(c0)=w, U ,(c,0)=0. The assumption of concavity in utility allowsr foonstant marginal utility

over some interval, but disallows increasing maapitility of consumption. Society receiving utflifrom

environmental improvements, subject to diminishimgrginal utility, is equivalent to society expeitary
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a decrease in utility from an increase in pollutismbject to ever-larger decreases in utﬁft)ﬁut <0 and
om,

Society produces output at the IevEI(K), where F(kt) is continuous, twice differentiable, and

strictly concave irk, and satisfies the Inada conditior®: (k) _ g, 32':(5)< 0 F (0)=w, F (x)=0.
ok, ok

Pollution emissions are produced(ﬁt(kt), and are abated as the social planner foregogsitont return

for lower emissions. The social planner chooseat\riaction of emissions to eliminate, € [0,1], and the

resulting loss in output,G(ut) is continuous, twice differentiable, and convex un 5G(Ur)>o,
ou,

5;G(gt)> 0- G(u) is therefore a unit cost function, representirg brtion of each unit of output that is
u

t
forgone in order to achievg, the desired level of pollution abateme@f{y, ) < [01].*® Net emissions, then,
are defined by the portion of total emissionsF(kt), not abated through the choice of:
e =(1-u,)oF (k). The total foregone output as a result of abatrisedefined byg(u, )F(k, )< [0, F(k, )]-

Total output is reduced by the total cost of abatetnyielding net outputg (k, J1-G(u,))- Net output can

then be consumed today or invested for future ampsion. Investment is denoted layin society’s

resource constraing, +z, +G(u, JF(k, )~ F(k,)=0. Therefore, according to the resource constragtiety
utilizes output in three ways: consumptioq);( investment %); or pollution abatemeniG(u, )F(k,)-
Investment and depreciation of capitaly, <[01], define the law of motion for capital:

gk _ z, - 5.k, = F(k, )J1-G(u,))-c, — 8,k, - Higher levels of capital in future time pericaltow for

dt

higher total output and, therefore, higher levdlsamsumption.

27 Of course, those large decreases in utility framirenmental degradation must be outweighed by the
initial increases in consumption that can only edoom production.

2 The restriction of the cost function to this ramgquires that cost be nonnegative, and that theegs of
cleaning up emissions cannot cost more than thmubbeing produced.
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As a result, it is possible for a society with migicapital stocks to enjoy higher levels of
consumption even while increasing abatement andowipg the environment. The stock of a clean
environment is measured by reference to the anafuyntllution remaining from the last time periat),
plus the net emissions from the current time pepimmtiuction. The stock of pollution depreciatestas

assimilated into nature, which it does at the @je- [0,1]. Emissions can thus be thought of as investment

in the future stock of pollution, with the assintiiten rate depreciating that stock, so that theypiolh stock
in any time period is simply the cumulative effeftemissions from all past time periods, minus the
amount of accumulated pollution which the environtnieas been able to assimilate since the last time

period. Emissions in the present time period dedassimilation rate define the law of motion foe t

stock of a clean environmerﬁl% =—g +06,m =—(1-u,)oF (k )+ 5,m-

The social planner is considered to be forwardkilogy making decisions based on an infinite time

horizon. Thus, the social planner faces the falhgwproblem:
Max W = I e*U(c,,—m )dt
t

S.t.

G +2+G(u)F(k)-F(k)=0

=2 -ak = Flk Ja-6(u)-6 -k

d(-m)
dt

e+ am =—-u o)+ m

In other words, the social planner maximizes wytiitibject to a budget constraint and the laws afano
for capital investment and pollution. This is @gent-value specification, which means that futtitesy is
discounted to the present, according to the pesitite of time preference, or discount factor;The social

planner, with this specification, chooses the stred decisions for all variables at time zero. Toatrol
variables are;, andu, , and the state variables at¢ and—m,.

Missing from the problem is an express transvigysebndition. Some believe that, for general

infinite time problems, a transversality conditiznnot necessary. Even if not required, however, a

2 For a justification of this assumption, please Beeguson and Lim (1998) and Seierstad and Sydsaete
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transversality condition is useful in that it agsuthat the system does not grow without boundat iBithe
conventional transversality condition, and whiler @ystem does not contain an express transversality
condition, the conventional transversality conditie satisfied by the assumptions of the mdel.

The Present Value Hamiltonian is:

H= efth(Ct —m )+ 4 [F(kl )(l—G(Ut ))_Ct _51k1 ]_‘ft [(1_ U, )O‘F(K )—52”1 ]’
where y, is the present-value co-state variable for capitalé, is the present-value co-state variable for a
clean environment. Co-state variables representapective societal values of a marginal unihefstate
variables. It is assumed that societies will alsvplace a positive value on an additional unitutpat and
a clean environment, leading to positive valuesjfoand &, .

Deriving first-order conditions for this probleeds to optimal solutions for the control variables
along with the laws of motion for the co-state ahtes. We assume all decisions by the social plaaire

made in current time, or in other words, that theision for each time peridds made at the beginning of

that time period. We thus state the current-vahse-6rder conditions a¥:

N -0 (3.1)
oc
—2F(k)%+¢oF(k)= 0 (3.2)

infinite time horizon problems. For finite timefiwons, either the state variable must have a fixade at the terminal
time, or if the state variable is free, the coestadriable must equal zero in the terminal timdquer Seierstad and
Sydsaeter (pp. 233-34) state that the “naturakisvarsality conditions are not necessary conditfonghe general
case.

30 Recall that the production function is strictlyncave and satisfies the Inada conditions. At spoigt,
there is no additional societal benefit to be gaifrem increasing the capital stock. If productioas an upper limit,
so, too, does consumption of that production. Afve&nt is expressed as a percentage of each upitdfiction
foregone to improve the environment, so an uppeit bn production guarantees an upper limit on epant, as well.
If consumption experiences an upper limit, a wtilibaximizing social planner cannot allow pollutitm increase
without bound, for each additional unit of pollutisvould diminish utility. Thus, pollution must hean upper limit,
as well. Finally, if capital and pollution havepgy limits, then the costate variables for cagtad pollution, described
herein, must have limits as well.

%1 In order to reduce clutter, we have removed tinfessripts. First-order conditions define the opfitime
paths for the control, state, and co-state varialilewever, as a caution, we refer the readeregtivious discussion
of Selden and Song’s (1995) assertion that maniges may not be progressing along their optinsghp Therefore,
the following analysis would not be representatifea country’s development in the presence of Sicant
impediments to optimal decision making; for examptethe presence of monopolistic interest groum tontrol
government policy through force, intimidation, @oaomic coercion.
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da oF oF

Rk 112 (1= _ _ z 3.3
Y i[ak (1-G(u) 51}(/{(1 W ak} (3.3)
d£= — o 3.4
e a(—m)+¢§2 (3.4)
ok

%l Ja-0(u)- - 3k @)
(1 )oF )+ 5m @)

Egs. (3.1) and (3.2) are the partial derivativéshe Hamiltonian with respect to the control
variables, consumption, and abatement, respectivelBgs. (3.5) and (3.6) are the laws of motion,
previously defined, for the state variables, cdp#tad a clean environment. Arriving at the cutresdue
first-order conditions requires multiplying throughch present value equation &y. The exceptions to
that rule are Egs. (3.3) and (3.4), the laws ofiomotor the costate variables. We define the curialue

co-state variables as=e”y andp=e*&. Taking the derivative of these definitions wiéispect to time,

we arrive at Eqgs. (3.3) and (3.4).

Eqg. (3.1) indicates that the level of consumptitiesen will be such that the marginal value of
present consumption is equated with the marginkievaf capital, which represents future consumption
Note that (3.1) implies that > 0 along the optimal path. Meanwhile, Eq. (3r8)icates the level of
pollution abatement that will be chosen along tipdinoal time path. All of the equations represent a
number of tradeoffs that must be considered in simgothe optimal level of each variable. The fjpatt

oG
ou

of (3.2), —/1F(k) , is the lost value to society when an additiondt of income is spent on pollution

abatement, rather than consumption or investmbatsécond partgpoF(k), is the gain to society due to

abatement. Note also that (3.2) and (3.1) impdy ¢h> O, which assumes that society will place a paesit
value on a clean environment along the optimal {irau.

The remaining first-order conditions are the laWsotion for the state and co-state variables. Of

particular interest is Eqg. (3.3), the law of motimn the co-state variable of capital, which is gm®ed of
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two elements: the first parL/{aF(l_G(u))_gl] represents the value of the net marginal prodfict
ok

capital, after accounting for abatement costs aplacement of depreciated capital; the second part,

(0[(1_ u)aa':] represents the value of the harm caused by thgimad product of capital, as it increases
ok

pollution. Investment in future capital means ggegotential consumption, but also greater poaénti
pollution, and (3.3) illustrates the cost and bi#rmd#feach additional unit of capital accumulates one of
her many tasks, the social planner must balancegé#e in potential consumption that comes from
investment with the potential loss in societal wading that would result as the additional capggut to
use in making the goods society wishes to consume.

Eqg. (3.4) describes the change in the marginalevafia clean environment over time. If pollution

increases, then societal utility will decrease #remarginal value of a clean environment, meashysg

will rise [_ oU >OJ. The assimilation rate,, impacts the level of pollution, removing a pontiof the
o(m)

pollution stock, and therefore also impacts theugadfy. As society progresses along the optimal time
path, production will increase, and depending upgun level of abatement chosen, so will the level of
pollution. Recall that, as stated earlier in thegter, wher, = 1, the pollution is a pure flow pollutant,
and will not accumulate any stock of the pollutactoss time. That means that the level of enviemai
quality will be degraded only to the extent of emtr pollution, and without any build-up of pollutio
society would not experience the type of environtaleshegradation that would cause a significantéase

in society’s valuation of the environment. In atleords,ceteris paribusan increase in the assimilation
rate would yield a lower level of pollution in eyetime period and, therefore, a lower valuesatlong the
optimal time path.

Of course, because this is a system of equatiatsatie solved simultaneously, and therefore all
else is not held constant, the impact of an iner@ashe assimilation rate may not be that simplpredict.
Eq. (3.4) seems to indicate that, as the pollusitutk is assimilated into nature, the marginal @adfi a
clean environment appears to increase as wells fdsult is very counter-intuitive, because it psgs

that an improvement in environmental quality leém®n increase in the value of the marginal uniaof
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clean environment. Kelly (2003) argues that as dBeimilation rate rises, the marginal benefit of
abatement falld? which could lead to higher pollution along theiotl path. Over some range of values,
that is almost assuredly correct. However, itls gossible that a decrease in abatement could yie
higher pollution levels and, therefore, a higherrgiveal value of a clean environment. In shortjsit
unclear at this point what the likely result offenge in the assimilation rate will be. Thus, i{el(2003)
assumption is inherently sound, but not unive@siwill be further illustrated in more depth in saQuent
parts of this research.

Eq. (3.5) describes the change in capital stock tre. The social planner knows that whatever
output is left over after the levels of abatememi aonsumption have been chosen for the currer tim
period will be invested in capital for future timperiods, and this investment decision occurs
simultaneously with the consumption and abatemeaisibns. Additionally, every time period sees som
depreciation in the then-existing capital stockg. 3.6) describes the change in the stock of ancle
environment over time. Emissions in the currentetiperiod increases the stock of pollution, and
assimilation of some portion of the accumulatectlstof pollution, emitted in all past time periods,
improves the environment.

For numerical analysis, specific functional forms #itility, production, and pollution abatement

cost functions are defined. Kelly (2003) utilizee following functional forms:

U(c,-m)= [Ca (m _1m)lia ]H -1 (3.7)
-7

F(k)= Ak’ (3.8)

G(u)=b, +bu®™ (3.9)

Utility and production are Cobb-Douglas functiotige utility function, known as the constant relatisk-
aversion utility function, preserves the assumeghtiee marginal utility of pollution as well as tpesitive
marginal utility for consumption, and it is used nmaintain a constant level of risk aversion among
members of society across consumption levels. ms®me in society grows, its general preference

structure remains the same, so its willingnessgage in the trade-off between present and fuhgene,

32 Kelly (2003), pp. 1380-81.
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and between consumption and a clean environmerdginenthe sam&. The paramete measures both

relative risk aversion and the willingness to sitb& consumption across time periods. Furtheg1
assures decreasing marginal utility to both consiempand a clean environment, apd< 1assures that

consumption and environmental quality are complgargngoods. The parameterepresents the return
in utility to the individual from consumption, anah is the assimilative capacity of the environments A
discussed previously, that means that if pollugwar equaldT, there will be no environmental quality left
for society to enjoy, and if pollution is ever gmathan m, the environment will be permanently
damaged, so that all the clean-up in the worldadtook return the environment to its pristine state.

The production functiorf:(k), assumes diminishing returns to scale in cagi®l, { € (0,1). The

parameterA represents the level of technology that concemasefficiency of capital’ as opposed to the
environmental efficiency of capitat. Meanwhile, the pollution abatement cost functigilizes the
following parametershy, the fixed cost of pollution abatemeht; the variable cost of abatement; dnd
the measure of convexity for the abatement costtioim. Fixed costs and variable costs are faidyilg

understood, but the meaning of the convexity patamaears a little more explanation. The abatement

cost function is convex as longlas> 1, andu®™ will converge to 1 as approaches 1. A higher value of
b, means that the abatement cost function is inarggstonvex, which in turn means that abatement cos
is lower for all values ofi less than 1, and that for low valuesuofarginal cost is lower, and for higher
values ofu marginal cost is higher. As mentioned previouslyatement cost will always be the same
when full abatemenu(= 1) is chosen.

Applying the functional forms presented above,.E§4) through (3.6) may be rewritten as:
ac @A (@ - m)) - (3.1a)

Alo,b,u% )= po (3.2a)

3 |t is certainly not impossible for a change infprences to occur as incomes rise, but we leave tha
complicating factor for future researchers.

34 One admitted drawback to this specification ofgheduction function is that it assumes a condarel of
technology. Future research possibilities includedifications to allow for learning-by-doing or ethforms of
endogenous growth, thus allowiAgo change over time.
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%f = A(p—yAk" (1= by —byu® )+ 5, )+ p|(1- u)oyAk ] (3.3a)
= plp+8,)~make mom) (2.2
%: Ak’ (1-l, —bu™ )—c— 5,k (3.5a)
d(;tm) = —(1-u)oAK’ +5,m (3.62)

Note from (3.1a) that if pollution ever rises begiahe maximum amount that the environment can bear,
the left-hand-side becomes negative, leading so¢@iplace a negative value on an additional ufit o
capital. We place no specific constraint on tlasgibility, however, because it could only occuainon-
optimal scenario; it would be characterized by stycpaying to first create and then destroy pradect
capital. Such a scenario is not applicable tortuslel, which envisions a society choosing an ogitipath
through time; if society has a level of capitalttimdetrimental to societal well being, then sbcikas

made a choice that did not maximize societal ytditd is, by definition, on some non-optimal tinatp

3.3. Solving the problem

Of course, the first-order equations, by themselell us very little about the process they
describe; we learn a good deal more from the peocase it has been solved for the stationary states
process of solving a dynamic problem, such as tieeppesented here, can take a number of paths,ahost
which require the reduction of the first-order etiprzs to a system of differential equations compgose
exclusively of parameters and those variables foichvthere exist differential equations. That systof
equations need then be solved for the steady borstay state; in the present case the next stapusilize
that stationary state and reasonable initial vataederive the optimal path of the system to iesady (or
stationary) state. This section describes the g®oaitilized to solve the particular dynamic prable

presented in this chapter.

3.3.1. The system of differential equations
We begin by reducing the first-order conditionsateystem of differential equations comprised

solely of parameters and our state and co-statebles. Egs. (3.1a) and (3.2a) can be solvedhitwo
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control variables, yielding

1

i _a 1-n)-1 *(1*‘7‘)(1*’7)

c=| 2 (M—m) syt (3.1c)
_a_
o1 1

N K ol B (3.2¢)
L4 b,b,

These optimal choices can then be substitutedtirtaemaining differential equations. We lose mgh
by doing so, because (3.1c) and (3.2c) define fitanal choice for consumption and abatement at any
point in time, and that condition is maintainedhiitthe other equations.

Once the solutions for consumption and abatemensabstituted into the remaining equations,

the following system of differential equations riésu

b, 1
di _ po |1 po |1 ,1
— =] p+3,-yAK " 1-b, | — +ol|1-| —— K (3.3c)
i bl{ﬂtabj . Ltabj 7
q B a(l-n)
all-n)- n
%P p(p+5,)-(1- a)(j ) " (M - m)an (3.4c)
dt a
b 1
b,-1 a(l-y)- -(1-a)1-n)
9K _ Ak'|1-b, —b,| -2Z —[ﬂ S M= m) ain -5k (3.5¢)
dt b,b, 4 a
1
_ b, 1
dem)_ fy | oo GAK” +35,m (3.6¢)
dt bb,

3.3.2. An emissions curve

The process of finding the stationary state ik model can be handled with relative ease; the
process involves setting each equation equal to, zerrepresent the lack of movement at the station
state, and then solving for the value of the vagslin that state. In most cases, a phase diagranen
used to characterize the optimal path and the cratipa statics of the system. The equations ptegen

above, however, defy such an easy solution, angireeqg more complex approach.
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Simulations are often used to solve complex probleelly (2003) utilizes simulations, as do
Farzin (1996), Howarth (2000), and Huhtala (199®)e, too, will utilize a simulation to derive thetonal
path; in doing so, we utilize the algorithms praddoy the mathematical program Matlab. By soliog
the stationary state, we can then derive the optath for all variables, and check the effect afious
parameter changes on the emissions path. EKClisooften expressed in terms of the relationship
between incomes and the environment. We will @g#tal as the measure for income, paralleling Kelly
(2003). Capital is the means by which productibry@ods takes place, and a standard macroeconomic
identity exists between real income and the totabant of goods consumed and saved. Meanwhile,
emissions are defined in the model as follows:

1
po Pl (3.10)
=(1-u,)oF (k) =| 1-| 22 AK”
o=1-u i) 1| 22| o

As the variables progress through time along thefimal time paths, equation (3.10) allows us to
track the optimal level of emissions, as well, dnd plotting levels of capital against emissions, we
generate an emissions curve. The time paths #tsw as to generate pollution curves by plottingital
stock against pollution levels. We do this becausegular focus on emissions may ignore the teng
effects of pollution accumulation. Arrow et al.9@b) explicitly criticized such a focus on emissipn
stating that zero emissions mean less if the enmient has been pushed beyond its ability to recbyer
high pollution levels at intermediate income levelén other words, and as discussed previously, if
pollution has surpassemr, the fact that society has reduced current enrissiannot compensate for the
permanent damage done to the environment. In aucdse, the environment would have been harmed
beyond its ability to be repaired, so even elimim@atpollution entirely could not return society its
original level of utility with respect to the eneimment. Once optimal emissions and pollution csitvave
been derived, modification of various parametetsaillow us to see their impact on the optimal esituss
and pollution curves, and comparison of emissionsves will then allow us to test the validity of

assumptions made regarding EKCs.
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3.3.3. The stationary state

Egs. (3.3c) to (3.6¢) cannot be easily solved autlthe use of an algorithm that can take small
steps until arriving at the stationary state. Bijzing the program Matlab we derive the statignarate®
This first step, solving for the stationary stagefeasible using the continuous equations alrefatived.
The next step, deriving the optimal path for thestegn, requires that we discretize the continuous
equations. We do so by utilizing a process desdrifiy Lyon (2006), which begins with formulatingrou
problem as a discrete rather than continuous pmobl&Ve restate the Present Value Hamiltonian as a
discrete-time Bellman equation, wherein the sqai@hner maximizes Utility subject to the laws oftian

for capital and environmental quality:
V(k,—m)=U(c.—m)+ AV, (k,~m)
V(k,~m)=U(G.-m)+ AV, (F(k J1-Glu))- ¢ + 1~ 6 )k ~1-u)oF(k)-0-6,)m)  (3.11)

The first-order equations are derived in similar fashioth#® continuous equations derived above. By
taking the partial derivatives of (3.11) with respeat tmdu, yields (3.14) and (3.15), respectively. By the
Envelope theorem:

oV,

t+1 t+1 _ ! 312
o= PR+ PG+ o () 312)
v, ~ N g 3.13
a(_m)t_uqn(cp m>+ﬂ6(_m)t+1(1 52) ( )
We defi M and 4 - M
e elne/lt ak{ an ¢t am

Ouir final first-order conditions are the laws of motion ¢apital (3.18) and for a clean environment (3.19).

acE (m—m )= _ ga =0 (3.14)
— Bl (bib,ul?)- B, o =0 (3.15)
2= Bhal2=8)+ Ak = by by ) - Bp 41— u JoyAl ™ = 0 (3.16)
0~ Bpia1-8,)+ (- a)er ™ (m-m )7 =0 (3.17)

35 Code available from the author upon request.
%6 Note that the budget constraint is contained withe law of motion for capital.
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K., — Ak (1-b, —b,u’ J+-¢, —(1-5, )k, =0 (3.18)

m,, —(1-u, JoAK’ —(1-5,)m =0 (3.19)
Matlab is able to derive the stationary state for the systmaot for all ranges of parameter values. We
choose the parameter values listed in Table 1, and the restittrapary state, as the starting point for our
analysis. The initial parameter values need to satisfy itmgortant criteria, one functional and one
theoretical. The functional criteria is that algorithmic proggdike Matlab are limited in their capacity to
solve complex systems, so the parameter values must behatidhatlab is capable of solving the system
of equations for the stationary state. The set of paramatees that will allow for a stationary state
solution is not unlimited, but neither is that set exelgnsmall. However, meeting the functional criteria is
a necessary but not sufficient condition; the theoretical aiterineeded to assure that the results are
meaningfuf®’

The theoretical criteria is that each parameter must be within a thagallows for a meaningful,
if abstract, comparison to real life. For examplageds to be somewhere between 0 and 1 because, as the
parameter that reflects returns to capital, a value between 0 anéctsreiminishing returns to capital.
The fixed and variable costs of abatembgptandb,, respectively, need to be positive and, in the cabe, of
less than 1, in order to allow for the possibility thatiety is capable of abating 100 percent of emissions
in any time period, should it choose to do so. The oohstraint orb, is that it be greater than 1, in order
to assure that the cost function is convex. We requireOtkay < 1 in order to guarantee that there be
complementarity between consumption and environmental yuafitl that O <« < 1 in order to guarantee
that society receives positive utility from consumptiorhjsct to diminishing marginal utility. We also
require that 0 <, < 1 so that capital depreciates over time, but cannot be greated thr else future
capital would disappear before it came into existence. Likewisgequire that O €, < 1 so that pollution
assimilates at some positive rate, but so that pollutioeither a pure stock nor a pure flow pollutant. We
require that 0 < A < 1, to represent that capital is productivendst perfectly efficient, and that Or< 1,

to represent that production results in pollution, butatththe amount of pollution

37 A number of sets of parameter variables whichilfedf the functional criteria were discarded beeati®y
failed to fulfill the theoretical criteria. For ample, a number of parameter sets were unusabéudedthey would
have required that society receive increasing matgitility, or that society experience increasiagyurns to capital.
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Table 1

Parameter and variable values

Parameter Value
Y 0.45
by 0.01
b, 0.08
b, 3.5

n 0.9

o 0.5

31 0.1

3, 0.1

A 0.6

c 0.45

p 0.05
m 10
Stationary state

C 0.602
u 0.8565
A 0.9523
7 0.4023
k 2.4455
m 0.5794

is less than the amount of output. The parametsithe discount rate, so we require that £ <0.10 in
order to reflect what we believe is a reasonable discount ratally-iwe require only thaim > 0, so that
the environment have some positive maximum carrying capaditiiigher value offm means that each
unit of pollution has a relatively lower negative impactlo@ environment as a whole.

These restrictions assure that the model will allow for a mghn comparison to reality.
However, this comparison will be only an abstract comparigorihe values are not chosen to correspond
to any specific real-world circumstances. The purpose ofékearch is to test whether, under reasonable
conditions, the expected systemic reactions to parameter chahgdways hold. We do not attempt to
show whether those expected reactions hold when applied t@edifics pollutant in any specific society.
Thus, it is not of great concern that the returns to capiilided here may not match with the average
returns to capital achieved in, say, the U.S. steel indostthie Brazilian power industry. Similarly, our

simulations span 100 time periods, which cannot be etmaitgformed into a number of years. In reality,
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the path to the stationary state is likely different for eackesg including the number of years that it takes
to arrive at the stationary state. In other terms, the paeammed variable values, as well as the interval

over which the simulation occurs, should be consideredativelrather than absolute terms.

3.3.4. The optimal time paths

With stationary state values in hand, we can derive the aptime path for the system. By
utilizing Matlab algorithms, once again we will input initigalues for capital and pollution stocks,
stationary state values for our costate variallles\dy, and allow the values of the control variables to be
determined by the system. Our choice of iterative methodifting the best fit path from the initial time
period to the stationary state is what Press et al. (188)to as a “Relaxation Method.” In brief, we use
Matlab to construct an estimated time path, using initestalues and stationary state costate values, and
then we use the relaxation method to find the best fit pdthe relaxation method constructs a matrix
where the (i,j) element is the derivative of equationith respect to variablg Eg.i cycles through
Egs. (3.14) to (3.19), for every time peri8d.The result is a matrix in block form, around the primary
diagonal, which can be solved using Gaussian eliminatiatetive the incremental changes in variable
values. The process undergoes multiple iterations tetilncremental changes are sufficiently small and
the estimated time path closely approximates the true time path.

We choose to simulate the optimal time path for a countmm flee beginning of development
through the stationary state, so we choose an initial cégpitelofk, = 0.05. Before development begins, a
country can be thought of as having no pollution, sociweose an initial pollution level afy = O.
Combined with the terminal values &f = 0.9523 andgss = 0.4023, we utilize the relaxation method to
derive the optimal emissions and pollution curves itated in Figs. 1a and 1b, respectively. The inverted-
U shape exhibited in Figs. 1a and 1b are the traditional stiahe BKC. Thus, for the reasonable values
chosen, an EKC is exhibited, though it is one withfolltabatement, so that society chooses a level of

pollution less than the peak but greater than 0.

% Thus, Eq. 15 would be (3.16) tat 3 and Eq. 61 would be (3.14)tat 11.
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The time paths for the remaining variables are illustratefigs. 2a-2c. Fig. 2a shows that
consumption rises in initial time periods, reaching a vaker the stationary state value of 0.602 within the
first third of the time allotted for the simulationigF2a also shows that abatement rises rapidly within the
first third of the allotted time to a value near the statipstaite of 0.8565. The rapid rise in consumption is
fueled by the rapid rise of capital, exhibited in Fig. 2&t t = 30, capital has reached a level above 2,
where it remains throughout the rest of the simulatioighét levels of capital allow for higher levels of
consumption, but it also explains the rapid rise in piolty seen in Fig. 2c. Additionally, as capital rises,
the value ofl falls, and as pollution rises, and therefore environatentality falls, the value af rises. So
as society begins to progress from its initial state, itnsetp accumulate capital and consume the output.
As pollution rises, however, society also chooses to foragre and more potential output in order to
combat the increasing pollution problem. Emissions leveddk pery early in the development path, before
abatement efforts can catch up to the increases in pollutmtiution also peaks early in the society’s
development path, although later than emissions, due fadhthat in order to eliminate pollution, society

must combine abatement efforts with the passage of timewdehn pollution assimilates.
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Fig. 2a. Time path of optimal consumption and abatement.



Capital and Shadow Value of Capital

Pollution and Shadow Value of a Clen Environment

18

16

14

12

10

0.7

06

: capital
------- shadow value of capital

pollution

shadow value of
a clean environment

0 10

20

30

40

50
Time

&0

70

a0

a0

100

. Time path of optimal pollution and shadow valiua dean environment.

40



41

3.3.5. The effect of parameter change

We pose the following question: How will the optimalissions and pollution paths change if the
parameter values are allowed to change? In our model, we asslynmeriype of pollution, only one
technology for abating the flow of that pollution, onlyeotechnology for the production which yields that
pollution, and so on. However, as pointed out by Crig8®8), different countries and/or regions will
experience different production and environmental technologiad, the intuitive assumptions that
accurately describe circumstances in one country or region mayengéscriptive of other countries or
regions®® Various pollutants may also experience different fixed \aariaible costs, leading to different
emissions curves and pollution curves for differerifupants and countrie®. This may all seem like
common sense, and certainly has been discussed in the litebatuthe intuitive assumptions regarding
which direction the emissions curves shift with a paranwtange may not be universally correct. Starting
from the emissions and pollution curves derived and showrigs. 1a and 1b, we adjust certain parameter
values* and compare the changes in the emissions and pollutimescto the results that would be
predicted under some of the more commonly used assumptions.

We begin with the variable cost of abatemént, It is not difficult to imagine the variable cost of
abatement differing across pollutants and across countfieere is no single abatement technology, and
even within an industry, multiple types of abatement maytilzed. Take coal-fired electricity, for
example, where scrubbers are used as an end-of-pipe methedno¥img sulfur dioxide and other
particulate pollution before exhaust is released into the dihat method of abatement is used
simultaneously with technology that allows for more é&ffit use of the energy within coal, so that there is
less polluting byproduct, as a whole. The two technologés the same purpose, but they abate air
pollution in different ways, and with different costs pam of pollutant removed from the air.

We would anticipate that when the variable cost of abatemenataiges, the amount of abatement

39 plassmann and Khanna (2006b) show that while ectenblogy cannot lead to an EKC for all pollutants,
an EKC should be possible for every pollutant uriderright set of preferences and technology.

0 The way society views a particular pollutant mespa@e important. Plassmann and Khanna (2006akarg
that “consumers are unlikely to react to changgmitution that they consider harmless” (p. 25).

“1 There are obviously more parameters than we st hKelly (2003) tests the effect of certain paeters
on the emissions and pollution curves, and for shke of comparison to an accepted model, we mdtifge
parameters which Kelly modifies.
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would decrease. As abatement decreases, the amount of polotidd likely increase in two ways. First,
there should be an increase in pollution as the same ambpriduction resulted in a higher amount of
emissions. Second, less abatement would mean higher tgaat,ouhich could be used for consumption
or investment in future capital. If invested in future talpithere would be even greater production in
future time periods, and therefore greater pollution. Asvehim Fig. 3a, an increase In yields the
expected result, a shift upward in both emissions anlditipsi corresponding to every level of capital.
Fig. 3a also shows that the stationary state level ofatapislightly less afteb, increased, indicating that,
at least under the conditions of this simulation, societyndt use additional available output as a result of
lower abatement as a means of accumulating more capital in theulon One possible explanation is that
society preferred to consume the additional output that wassed up in abatement.

Next we turn tob,, which we call the convexity cost parameter of abatement. @&epas
mentioned previously, the abatement cost function is omhyex inu if b, is greater than 1. As, rises,
the cost curve becomes more convex; but siniseconstrained to be between 0 and 1, greater convexity

means that the cost remains lower initially, but then misistfaster as approaches 1, or as the social
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Fig. 3a. Increase in variable cost of abatement (b1) fromt6.0.08.
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planner chooses some level of abatement near full abatemenay be helpful to think of a higher value
of b, corresponding to something closer to constant returrtate su.

As b, increases, then an increase in abatement costs relatively legs skould expect to see an
increase in abatement. That increase in abatement should residiner level of emissions and pollution
through time. As we look at Fig. 3b, we see that our expacsare met only at low levels of capital.
Unexpectedly, the emissions curve does not simply spiftauds or down, but rather changes shape
entirely. Lower initial levels of emissions and pollutiare followed by higher stationary state levels of
both, so that the curves cross as society approaches the syastatar This type of reaction is not
predicted by any of the traditional assumptions that are megzeding abatement costs, but that is not to
say that there is not an intuitive explanation. For examiplis possible that, with an increase in the
convexity of the cost function, society progresses towandsstationary state, enjoying the cleaner
environment that comes from increased abatement. However, bernisséons and pollution have not
risen as quickly, the value of a clean environment has alseoiserst. As a result, society reaches its
emissions turning point much later in the game, antkseéttto a higher level of emissions in the stationary

State.
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Next, we turn tax, society’s return to utility from consumption. Asncreases, society receives
increased utility from every unit of consumption. Recabathato is theshareof utility received from
consumption or, in other words, it is thelative utility received from consumption, as compared to the
utility received from environmental quality. Thus, asincreases, the share of utility received from
consumption increases and the share of utility received freimemental quality decreases. This means
that the shape of the societal indifference curves is charaidgf the shape is changing, the slope of the
curve or the marginal rate of substitution (MRS) is chaggis well. If the budget constraint were
constant, the reaction to a changeuimvould be much easier to predict, because the optimal choice of
consumption will be where the MRS is equal to the marginalaitechnical substitution (MRTS), which
is the slope of the production constraint. A quick revidqgs. (3.14) to (3.19) makes clear that a change
in o will impact all the equations and likely result in changethe production constraint and therefore the
MRTS. If both the MRS and the MRTS are changing, we likifly experience income and substitution
effects, making prediction much more difficult.

The simplest assumption regarding the impact of are#ser in the relative utility received from
consumption is that consumption would increase, which dvoetjuire either a decrease in abatement
efforts, so that total net output rises, or if abatenedfurts remain constant, it would require a smaller
investment in future capital, since society invests whatevipubis not consumed. Fig. 3c indicates that
the social planner likely made the former choice, since the siajiatate level of capital appears to be
identical, but both emissions and pollution have incretts®aigh all time periods. Of course, the fact that
the common, intuitive assumption proved to be accuratesrsihuation does not mean that its accuracy is
universal; as this chapter shows, it should only be wigatgcare that we rely heavily on the universal
application of even the most intuitive assumption.

Next, we turn to the impact of a shift in the assimilatiate, J,, on the emission and pollution
curves. As discussed previously, the assimilation rateisate at which pollution will become assimilated
into nature and, therefore, not a harm to the envirohihiao other action is taken. As an example, carbon
dioxide is considered by many to be a greenhouse gas, leadirtgetad of increasing warming that could

have dramatic impacts on the environment. Even if no haoi#ons are taken to reduce carbon dioxide, it
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will slowly be assimilated into nature predominantly via thspiratory process of plants. As plants utilize
the carbon dioxide, it is removed from the air and, in serefevant to this research, assimilates it. The
assimilation rate will likely vary across both countries potlutants. It will vary across countries for those

pollutants whose effects are more localized. For example, soumdries are highly urbanized, and that
urbanization will tend to reduce the total vegetation availablassimilate certain pollutants. Other

countries, even industrialized countries, have maintainegrafisant amount of “green space,” which

would tend to increase the assimilation rate for some poltuta@f course, there are some pollutants that
are not easily assimilated into the environment, and for nodrthiese the rate will be constant across
countries. An example would be the radioactive elements\etft after the process of generating nuclear
power; the half-life of many of those radioactive elements into the tens of thousands of years, and it
likely matters very little where it is stored, so that thsimilation rate is likely to be very low regardless of

what country or region we may be discussing.
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A higher assimilation rate could discourage abatement effintise emissions will more rapidly
dissipate into the environment; if nature is going t@te#tre of emissions for you, why bother giving up
output to take care of it? Alternatively, however, a higigsimilation rate could result in lower emissions
if the cost of achieving a clean environment is lower dud&echelp that nature offers. Fig. 3d indicates
that, for our model, the former has occurred, as emissiodgollution are both higher for every level of
capital. The former may be the more likely outcome for angrgaet of parameter values, but the fact that
the opposite outcome also has a very intuitive explanationldhgive us pause as to whether the
assumption is accurate across the entire range of legitimate paraalats.

What the outcome is in any given circumstance depends hegdly the opportunity costs of
abatement. Along the optimal path, if the marginal imprarmrin the environment from one more unit of
abatement is more valuable than the corresponding value of noimgsuhe output that would be
surrendered to the abatement process, then abatement willrigleange in the assimilation rate changes
the level of pollution that would otherwise exist inegy time periodgceteris paribus That changes the
marginal benefit of abatement, but it also indirectlyactg other parts of the system and can also alter the

level of consumption in every time period and therefore thgimarbenefit of additional consumption.
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Next in line isy, the return to capital. While this parameter is not impactedhb type of
pollutant, it will certainly vary across countries. The lewéltechnology enjoyed by a country will
certainly impact the productivity of capital, as will the relatsize of the labor force.

A higher return to capital increases the benefits of proaluctivhich could then lead to an
increase in total production and, if abatement remains aomnsmissions. However, as noted above, a
shift in the production constraint is only half oéthuestion. Optimality requires that MRTS = MRS, and a
shift in the production constraint can result in either raareiase or a decrease in the optimal level of
production, consumption, and abatement. It is posdiaiesociety will choose the same level of output
and consumption, and spend the increased “income” on increasednabgtif the improvement in the
environment will yield a higher level of utility. Fige3exhibits two characteristics that indicate that the
result is somewhere in between the two possible outcomessded: (1) emissions and pollution remain
essentially the same; and (2) the stationary state level dachas increased. The fact that emissions and
pollution have increased only slightly indicates that the sptéainer has chosen to increase abatement, so

that the environment is not degraded because of the shifteWo, the social planner has not increased
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abatement to the point where environmental quality is hitjtzer it was before. In other words, the social
planner appears to have chosen to keep environmental qualittacon The fact that the stationary state
level of capital has increased indicates that the increase in datplt is sufficient to maintain
environmental quality and spend more on either consumptidrinvestment. The stationary state level of
emissions is the same, but the stationary state leyslloftion appears to be slightly higher. Additionally,
it is clear that the turning point of pollution occurdath a higher level of capital and pollution. It appears
that greater productivity leads to a higher total burderheretivironment, although for much of the time
path, the social planner maintains a constant environmeraktyqu

Finally, we turn to the pollution intensity of prodwstj represented by the parameter The
value ofe will vary according to the technology that a society enjawsl it will vary across industries. It
represents the ratio of pollution to total productive oytpad different production processes will yield
different levels of pollution per unit of output. Aitdnally, a more developed society may have
productive processes that better utilize inputs so as to mmiwvasteful and, often polluting, byproducts.

An increase in the pollution intensity raises the total sios when production remains constant,
yet it also increases the cost of production, which couldceegmoduction and potentially reduce total
emissions. We would anticipate that,cascreases, and therefore pollution per unit of output ise®a
that the social planner will realize that increased pollutiolh agiuse a decrease in utility, and that the
decrease in utility can be countered by giving up some o(put therefore consumption) in order to
engage in greater levels of abatement. The social planndvegilh to increase abatement, and therefore
reduce output that can be utilized for consumption, so tletmarginal utilities of consumption and
environmental quality are equal, as required by the first-ardeditions. Fig. 3f shows the emissions and
pollution paths prior to and after the increase.irThe stationary state level of emissions and pollution are
lower after the increase i but that does not tell the entire story. Fig. 3g shawsagnified section of the
emissions curve, and the emissions paths cross shaethttad turning point.

As mentioned previously, the literature never considexgptissibility that the emissions curves
and pollution curves may cross after a parameter shift. th&rpurposes of most analyses, simple

assumptions regarding the impact of parameter values sufficeh@aadsumptions which are used seem
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intuitive. In fact, most of them are likely accurate over aewidnge of parameter values, but Fig. 3g
illustrates that not only may our simple intuitive aaptions regarding a shift up or down be incorrect for
any given parameter value, but it may be that the dynamicenafuhe environment and economy may
lead to completely unexpected results, such as the emissiores arossing. The explanation for the
emissions curves crossing can be thought of as thesmedéithe explanation for the time paths crossing as
the convexity parametdp,, increases. Recall that, when the cost function became morexcabatement
increased, and society avoided higher levels of emissionsadatign until much later in the development
process, so that society settled into a higher stationagyletal of emissions and pollution. The converse
occurs when the pollution intensity parameterjncreases, as emissions rise faster and society reaches
more quickly the maximum level of emissions it is widito accept. Thus, society reaches its turning point
earlier in the development process, and both begins the pafdegsroving the environment earlier. And
because the emissions level at the turning point is higleietg chooses a more rapid process of
improving the environment, so that the slope of the earisscurve in Fig. 3g is much steeper and the
€emissions curves cross.

Figs. 3a through 3g illustrate that while the simplé&jitive assumptions that are regularly made
regarding the impact of parameters values are often true, theikelseriot universally true. Table 2
contains a summary of the predictions utilized by Kelly (3G081 others and contrasts them to the results

realized in our model.

Table 2
Simulation results
Parameter changed A in emissions path A in pollution path
Predicted Actual Predicted Actual
b, (-) (-)then(+) (-) (-)then(+)
a (+) (+) (+) (+)
2 (+) (+) (+) (+)
(+) (+) (+) (+)
o (+) (+)then(-) (+) (+)then(-)

by (+) (+) (+) (+)
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This is not to argue that we should not make the kirmssfimptions that make economic analysis
possible. Rather, we must simply be more careful in assuthaiga single assumption will always be
applicable, especially since we have the capability to check titbtyaif the assumptions. As noted by
Johansson and Kristrom (2007), there is every reasorsfeestuthat we will have to account for income

and substitution effects any time environmental quatity @nsumption are complements.

3.4. Conclusion

For too long, proponents and opponents of EKC theame Hought over the empirical results
achieved on both sides. Researchers have utilized a wide vdreggumptions to arrive at their results,
and those results have been just as varied as the underlyingpsisss. Moreover, competing
assumptions have all been based on reasonable probabilitien tl®oretical models, such as Kelly
(2003), make assumptions that might not hold up uraldy fstandard conditions. One simple truth that
underlies the EKC debate is that these contrary assumptiong é&nsimultaneously correct but that does
not mean that both sides cannot be correct, if the assumpienbeing made along different ranges of
parameter and variable values. EKC literature has, to a latgeteignored the possibility that even the
most intuitive assumption may be incorrect along some iplausange of parameter and variable values,
yet understanding which assumptions are correct may vamsndem on the circumstances of a given
country or the characteristics of a given pollutant.

The simple model employed by this research reveals resultguhatontrary to some basic
assumptions, although plausible explanations are offered forseaafingly counter-intuitive result. These
results do not, in any way, disprove any previous reseéahyather offer a reason to believe that
contradictory studies need not be mutually exclusive. hbed that by eliminating the need to demand
that any researcher has conducted a flawed study simply becaussuhs do not match previous studies,
EKC literature may progress instead to understanding Whyrésults vary. Specifically, by taking a
careful look at the conditions of the competing studies, wegeam greater insight into when we might
expect each result to hold and, therefore, understand betieh pbiicies are needed at any given time in

order to improve environmental quality without dramaticallrtailing society’s desires for consumption.
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CHAPTER 4

DIRTY VERSUS CLEAN CONSUMPTION

4.1. Introduction

EKC theory poses interesting questions regarding theraiction of the economy and the
environment--two inherently complex systems. Of cougseater complexity can be added as the effects
of other factors, such as international trade relations, arsidesad. Each EKC model deals with the
complexity in its own way. Beyond simple models, sashthe one presented in the previous chapter, EKC
literature begins to add levels of complexity that allow ttee exploration of various possibilities as
economics and environment collide. With increasing levetooiplexity, it can be even more tempting to
focus on the intriguing conclusions that can be reachedweubelieve that it is just as important, or
perhaps more so, to focus on the assumptions that are usad aenstructing additional layers of
complexity. One possible layer of complexity that can ledds the opportunity for societies to produce
and consume higher cost, lower polluting goods. If spcigiven the choice between two goods, is
allowed to choose an alternative consumption good, one wégtlits in lower levels of emissions, will
such choices affect the possibility of empirical resultsstzient with an EKC? Copeland and Taylor
(2004) point out the usefulness of a two-good modegrevtthe goods differ in their pollution intensity, in
investigating patterns of trade, and the “pollution hawgpothesis,” and we believe that it is just as helpful
in a single-country model.

Changes in private consumption and production choicearttsv“green” consumption and
production are quite common in environmental economichde not been widely used in EKC literature.
One story that can be told regarding the emergence of an EK@tjsas society distances itself from
subsistence level, the willingness to sacrifice consumgtioadditional environmental quality increases.
In our previous model, that change was achievable only by agas®in abatement efforts. This chapter
allows society an additional alternative, to produce and comsudifferent “green” type of good, one that

costs more to produfebut which provides society with both consumption benefitd environmental

42 Examples of such would be wind and solar enerdychivare more expensive than coal-fired electricity
and recycled paper, which tends to be more experisan virgin paper.
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benefits. Society will choose the green good to the ettahthe environmental benefits of the green good
outweigh the additional costs of production. We also addies primary question of this research,
whether the common assumptions of EKC literature are universads all reasonable parameter values.
Once again, we establish a continuous time, deterministicelmtrdcking a social planner’s
decisions through time. The social planner chooses produario consumption of two goods, one which
contributes relatively more to environmental degradation tharother. By choosing consumption levels
below production levels, the social planner can increase the ftapital stock, allowing for greater future
consumption. The social planner also chooses the level ohadoaten each industry, by which processes
total emissions are decreased. In the previous model, tte glaciner could improve the environment by
increasing abatement efforts. Now, the social planner canpsbiduction to the green good, which will
reduce total emissionsgeteris paribusthe social planner can now also modify abatement levelstin bo

industries, controlling total emissions through addaiomeans.

4.2. The model
Once again, we return to a primitive society, wherein the soleiaher makes multiple decisions

with the ultimate goal of maximizing societal utiIitM,(Cl c, _m). Society gets utility from consumption
Xt ? t

and environmental quality. Society gains just consumptiihity from consuming the dirty gooxi ¢, just
environmental utility from environmental qualityng), and both from consumption of the green ggpd
C,. As a real-world example, think of the question askedlégks at grocery stores: “paper or plastic?”
Some utility is gained from use of a plastic bag to carnceyies home. Many people, however,
experience additional utility from using the paper bag, notlme paper is an inherently superior material
for carrying most groceries, but rather because the use of tiee pag represents to the consumer an
improvement in the environment as fewer non-biodegradabtkipt®reach local landfills.

Of course, most grocery stores do not charge extra if yactsitle paper bag, but many real-
world green goods are more expensive than the correspodidipgubstitute. This fact can be explained
by two factors: first, because there is some additional anafustivironmental utility to be gained from

consuming the green good, consumers’ willingness to pHlybw higher; and second, because green
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production is often more expensive than dirty producta, therefore requires a higher sale price in order
to cover the cost of production. This latter assumptioonis of the fundamental explanations for the
emergence of an EKC, that society may not be capable of clegmitige environment until incomes rise
enough to allow society to afford cleaner production procedgkeseover, the continued consumption of
dirty goods even when higher utility green goods arelablai is evidence that there must be some

additional cost associated with the green good. We assumeodtedak utility function to be twice

differentiable and quasi-concave in consumption of botbdgoand in a clean environmerft: >0
t

2
62Ut301%>0’ aZU‘gO, ou, <0, oV, <0-

acxtz aCyt acytz 6(— m) 6(— m )2 -

Production,F(kt), is achieved as the social planner allocates cafifélpetween the clean and
dirty industries,|:1 (k,)=F t(Atkt)Jr F, (a-a,k,)- The variablea , A, € [0,1] represents the percentage of
X t
capital that is allocated to industxy We assume a continuous, twice differentiable productiontion,

strictly concave irk; oF(k) 50 OFalk) <0 oFulk) >0 O*Fyulk) <0o- mplicit in this assumption is
ok, ok’ ok, k2

that the production process experiences constant-returns-toiscaleinputs. Because labor is held
constant, this society experiences diminishing-returns-tie-gcaapital.
The production process produces a pollution byprodngctwhich degrades the environment and

thereby reduces societal utility. The pollution intensigyametera;, i = XY, ¢ <[01], represents the

corresponding level of pollution emitted per unit ofputt As mentioned, however, production of the

clean good results in lower levels of pollution per unitootput, & >0, Thus, the total level of
emissions for a given industry, assuming full capitacaition to that industry, would ke F, (kt); and the

total level of emissions for society, absent abatement gffaxiuld beUxet(Akt)+U E ((1_A)kt)' We

Yyt
assume constant values fgr but we allow for the possibility of a cleaner environmimbugh natural

assimilation and abatement efforts.

43 As in Chapter 3, abové, represents the capital stock, the per-capita alagtiock, and the capital-to-labor
ratio.
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Our social planner lacks the capacity to remove pollutiom fitte environment once emitted. The
environment, however, has the capacity to assimilate a cegaianiage of pollution, which we represent

by the assimilation ratey, e [0,1]. We assume only one pollutant, common to both proolugtiiocesses;

therefore, natural assimilation occurs at the same rate, regawtitesssource industry. The social planner
is not helpless to aid the environment, however. As nategl can shift production to the clean industry,
which yields a lower level of emissions per unit ofputt She can also engage in abatement efforts in each
industry, eliminating some percentage of the emissions tloaidwotherwise be emitted during the
production processy, <[01], i = XY, u, €[01]. While the social planner may choose different levels of
abatement for each industry, she has at her disposal onlyoomeof abatement technology, so one

abatement cost functiorG:G(ut), is applied to total production from each industry. Wsuage a

continuous, twice differentiable cost function, strictly wex in uy: 5G(Un)>o, 8ZG(un)>0’ where
Ol auit2

G(un) is a unit cost function representing the portion of eaxhai output that is relinquished in order to
achieveuy, the desired level of pollution abatemegfu, )e [01].
Putting all of this together, total gross emissionglafened by:

o.F(ak )+o F, (1-Ak,)

Yy Yt

and total net emissions, after abatement, are defined by:

& =(1-U,Jo, F, (K ) +{1-uy Jor, F (L-a)k, )
Total abatement expenditures are defined by:

Glu, JF,, (A )+Gluy JFy, (-4, k) e[0.(F, (A k )+ F,, (-2, k)|

Society must balance the desire for a clean environment kétldésire for current and future
consumption. Thus, total potential outpui;h(Atkt)Jr Fyt((l_At)kt)’ is reduced by the total cost of
abatement, yielding the post-abatement outputia k, Y1-G(u,, )+ F,, (1-A, )k, )(1_ G(uyt )) Society can

choose to utilize total potential output in one of three svayonsume it today; engage in pollution

abatement; or invest the output in a larger capital stocktime& period. Without further elaboration, this
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decision would lead to the society’s budget constraint,

F.(Ak JL-G(u, )+ F, (- A,k N2~ Glu,))-c, — ¢, —2 = 0.
in which the investment choice is denotedzy However, the system of equations generated in this
chapter is an unstable system, so the optimal path canficeltitb derive. In order to aid in the process of
deriving the optimal time path of the system, certain camgs must be imposed. The constraint we
choose is that only goog may be invested in future capital development, so thatsdoél planner
allocates capital to industsyonly in such amounts as are necessary to yield, after abateheenptimal
level of consumption of x. In other words, we impose the consumption constraint:

¢, = F, (A .k J21-G(u,)), which leads to investment being definedzas F, (= )(1_ G(uyt ))_Cyt'
Investment and depreciation of capitgl,e [0,1], define the law of motion for capital:

dk =z -5k =F, (- )k )1-G(u,))- Cy— Ok, Higher levels of capital in future time periods allow
t

for higher total output and, therefore, higher levels ofsoomption of both goods. With rising capital
stocks, it is possible for society to enjoy higher leeélsonsumption of both goods even while increasing
abatement and improving the environment. The state athieonment is determined by the level of post
abatement emissions in any time period and the amountliofipo that has been assimilated into the
environment, according to the following function:

ICM ¢ sm =bmu, o, Fy (10 )~ (-0 o (K om

After imposing the consumption constraint, so thatis no longer an express variable, the

forward-looking social planner faces the following proklem

Maxw = [ U, (F, (A k JL— G, ), (- m et
St.

Fxt(Atkt)+ Fyt((l_ At )kt)_ g = 0

F, (- Ak - Glu,)-c, —2 =0

= 2-ak = R, (0= A K- 6lu,)- o, - 5k
d(-m)

dt =-€+ 52”1 = _(1_ uyl yFy((l_Al)kt)_ (1_ uxl)Gxe(Atkt)+ 52”1
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This is the present value specification of the problem,|dotate utility is discounted to the present time.
The control variables for the model ayg uy, uy, andA; the state variables akeand—-m.

Thus, the present-value Hamiltonian is:

H = eith (Fx (At kt )(1_ G(uxt ))v Cyt —m, )"‘ Vi [Fyt ((1_ At )kt )(1_ G(U yt ))_Cyt _51kt ]
_51 [(1_uyt yFy((l_At )kt )+ (1_uxl )O-x Fx(Alkl )_52mt ]

wherey, is the present-value, co-state variable for chpted £, is the present-value, co-state variable for

a clean environment. These variables represenvdhe of the marginal unit of the state varialies
society. The parametgris the discount factor, which will be positive @nchn assumption of a positive
rate of time preference.

We assume that the marginal product of capital alilays be positive, so an additional unit of
capital represents some additional amount of incomAs such, society should, ceteris paribus, always
place a positive value on one additional unit gfitzd. In addition, society should always placpositive

value on an additional unit of a clean environméading to positive values fay, and ¢, .

We now develop our first-order conditions, whicéfide equilibrium conditions for all control
variables, along with laws of motion for co-statgiables. We establish the equilibrium conditifmrsthe
control variables by taking the partial derivativdghe Hamiltonian with respect to the individwaaintrol
variables and setting them equal to zero. We fiedtthe laws of motion for the co-state variabbgs
taking the negative partial derivative of the Hdamilan with respect to the state variables. Thalfi
first-order conditions are the laws of motion foe tstate variables, as defined previously.

The current value first-order conditions for thisdel are:

N o 4.1)
ac,
ou oG 42)
- —po,F,(Ak)=0 _
oG du, #o,F,(8k)
oG
- 2F, (- A)k)aT +go,F,((1-A)k)=0 4.3)

y

oU oF, oF oF oF
GT:X aAX +/157Ay(1_ G(uy))—@((l_ UX)O-X an +(1_ uy)o-yaij =0 4.4)



58

di oU oF, ,
A F oo AF)(@- Ak)2-Glu,)-4,) (4.5)

+ol1-u o, Fi(ak)+ - u o, Fy(@- A)

w_ o w 4.6)
dt o(-my "

% (1 apoh-ol, -, - 0
d(;tm) = {a-u,)o R (aK)+ -u, Jo F (0= A )+ 5,m R

Note that, as with the simple model from the prasichapter, the law of motion for the co-statealae
for capital continues to include the externalitypoflution. This means that this model will hate same
difficulty as the simple model, in that pollutioriitend to feed itself, creating a feedback lobatthas the
potential of continually increasing pollution lesel

Eq. (4.1) is the partial derivative of the Hamilitan with respect to consumptionf Egs. (4.2)
and (4.3) are the partial derivatives of the Hamnilin with respect to abatement in industsieandy,
respectively. Eq. (4.4) is the partial derivativiethe Hamiltonian with respect to the capital adtion
variable,A;. The current value forms were obtained by mujiig) through each present value equation by

€', Egs. (4.5) and (4.6) are the laws of motion fa tostate variables, =e”y and p =e”£. Finally,

Egs. (4.7) and (4.8) are the laws of motion fordtate variables.

Eqg. (4.1) indicates that the level of consumptidrihe clean good chosen will be such that the
marginal value from the last unit of the clean geodsumed will be equal to the marginal value qited,
which represents future consumption. Note that dieicision also implicates a choice by the sodéainer
with respect to capital allocation, as consumptidrthe clean good is only possible to the exteat th
capital is allocated to production of the cleandjodnvestment choices are also implicated, asstment
in future consumption is defined by the differehetween production of the clean good and consumptio
of the clean good.

Eq. (4.2) indicates the level of equilibrium poidut abatement that will take place in industry

along the optimal time path. We begin by rewritthg equation as;@@zw F,(AK)" The left-hand
oG au, o



59

side of the equation represents the loss to soaietgbatement reduces the level of grdtat can be
consumed. The right-hand side is the gain to gpeis the level of pollution from industryis reduced.
Eq. (4.3) indicates the level of equilibrium poitut abatement that will take place in indusgrglong the
optimal time path, and follows a similar patterntt@at seen in (4.2). We rewrite the equation as:

AF, (- A)k)%:(oayFy (@-AK)"

y

The right-hand side mirrors Eq. (4.2), showihg gain to society as

abatement reduces the level of pollution from indug. The left-hand side of the equation is the lass t

society as abatement in indusyryeduces both consumption of gopdnd future capital; the marginal cost

of abatement in industry [66} is multiplied by the marginal production of ca;hii(py((l_A)k)), and the
ou,

shadow value of capital)
Eqg. (4.4) indicates the optimal choice of capadcation between industries in equilibrium along
the optimal path. Before explaining the equative,restate that any change in one variable wilseahe

entire system of equations to change; such is dihgré of a dynamic system such as this. We begin b

iti : oF, oF, -
rewriting (4.5) as: U oF, | ﬂJ(l_G(uy)): (1-u,)o, oF, +(1_uy)6y7y . As A increases (decreases), output
oF, oA~ 6A oA oA

is gained (lost) in industry X, but lost (gained)imdustry y. The equation shows that society wlibose
an equilibrium between environmental and non-emwitental goods. The left-hand side represents the
non-environmental goods. By assuming an increage the first term represents the increase in utility
from increasing consumption of goad while the second term shows the loss in futunesamption as
total investment declines. The right-hand sidergsgnts environmental goods. The net change ah tot
pollution is multiplied by the value to society ofie more unit of a clean environment. [f totalpomt
increases due to a change in allocation of capitatjety is benefited with additional income but is
burdened with a less clean environment.

First-order conditions (4.5) and (4.6) are theda# motion for the co-state variables. As capital
accumulates and production rises, income risesjngadociety better off, but that improvement may be
offset by increases in the level of pollution. Wher society is ultimately better or worse off dege upon

the level of abatement chosen by society, somettiagis difficult, if not impossible, to prediex ante
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With regard to the value of the costate variabtectpital, the increase in income tends to redneevalue

of the costate variable, and the increase in poliutends to cause the value to increase. Likevase
pollution increases, the value of a clean envirammises, for the increase in pollution has lowetteel
stock of environmental quality. The level of alaémt chosen by society for each industry can ledsen
amount of pollution and, therefore, slow the growaththe value of the costate variable for a clean
environment. The fact that pollution assimilatet® ithe environment would initially appear to atdow
the growth of the value of the costate variabld, bu fact, it may not due to the complexities bet
dynamic systerfi? First-order conditions (4.7) and (4.8) are theslaof motion for capital and a clean
environment, governed jointly by the laws of theygibal world in which the society lives, as well tag
choices made in terms of abatement and consumption.

Now we must define functional forms for utilitypst, and production functions. First, the utility
function will continue as a Cobb-Douglas utilitynfttion, although with the additional clean good extid
and we continue to have exponents that sum to ®eeond, since we assume a uniform set of abatement
technologies, we need only one cost function amcdtlearefore retain the cost function used in tlevious
model. Third, each industry employs the same prtiolu function utilized in the previous model. The
societal production function is simply the aggregatoduction from both industries after a deteridma
of the capital allocation between them. Thus,rdtarns to capital and pollution intensity parameter
both industries will have different values to reqmeat the increased pollution cost of the “dirty’'odoand
the increased output cost of the “green” good.

With these points in mind, we write the functiof@ims as follows:

L G, 1A I e ['-s 49
F. (Ak) = A(Ak)" (4.10)
F,((1-a)k) = AL-a)k)" (4.11)
G(u;)=b, +bu;* (4.12)

44 For a more in-depth analysis of this seeming amintuitive result, please see Section 3.2.
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This specification for utility allows us to varyehstrength of the complementary relationship betwee
consumption goods and a clean environment by vanyia level of;. Any value less than one results in a
complementary relationship, and as the valug décreases, the complementary relationship weakens.

Applying the functional forms to our current-valiirst-order conditions yields:

o, (A(AKY* (L, —byute )| caz0n ()i _ 5 _g (4.1a)
_ alblu)t:z fl(A(Ak)h( bO blubz ))a az(l n)- (m _ m)(l—al—az)(l—ﬂ) _ (/)O'X(Ak)h -0 (423)
o, (- AK)= + A((1- AK)* (bb,u%*)=0 (4.3)

Aty ) m e d(a ak) b-bu) a.4a)
+ o(1-u o k(AkY (- u, Yo, 7k(1- AXK)Y* =0

% Hp+6)= 22 (k) 1, ~u )| e
—szz(l—A)((l—A)kY -, - bu?)

+ (1= o A (AKY 4 (1-u Jo 71— AN (- A=)

(4.5a)

90 _ o+ 6,) (1 e~ Y- AR Ly bl ) g m e @4.62)

it
g~ Aa- 430" -, b )¢, -k ara)
d(;tm) = ~(1-u,Jo, A(BK)* ~ (1-u, o, A(L- A)K)* + 5,m (4.82)

4.3. Solving the system
4.3.1. The system

We again utilize Matlab to solve the system ofagguns for the stationary state. After finding the
set of parameters that allow for a stationary state make marginal changes to various parameteds, a
check to see what impact the changes have on thensywariables. We begin by transforming the sgste
of equations into their discrete form, followingethbrocedure utilized in Chapter 3, to obtain tHe¥ang

system of discrete equatiofts:

% g is equal to the inverse of the discount rate,
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o (A(A K ) (1=, —byute ) coston mom et gy o (4.1b)
- ) a a—a, )17
—aybul H(A(A K, ) (b, b )| “’cz“" (- m e (4.2b)
- ﬁ(leO-X (At kt )
:H(_ /IH—l ((1_ At )kt )yz (blbzuyt:{l)_@ﬂo_y ((1_ At )kt )y2 ): 0 (4'3b)
aA]-}:l (A(A[k) 1 b bubz) ‘12(1 7)- rn[)laraz)(l—’i)
+ Pk (A8, ) L-b, bubz) (4.4b)

+ﬂ¢)t+1((1_uxt)o-xyl I( t I _(1_uyt)ayy2 t - t)kt)yrl)zo

= 0’171 (A(AKY* (- by~ " e - el

+m+1(1—al+An<1—Ax<1—A> Y- -, —tu)
+ Ao A1-0 o 7 A AR + (- u o7, (1- AN A- A K )

(4.5b)

=1y e AR Ly ) g 1s)  (46D)

kt+l = A((l_ A)k)“ (1_ bo - blu 52 )_ Cy + (1_ 51 )k (4-7b)

= (1-u )o, A(AKY" +(1-u, Jo, A((L— AK)? +(1-5,)m (4.8c)

This system of equations can be solved by Matlate garameter values have been chd%efhe
increased complexity of the system, over that wieixilsted in the previous chapter, means that greate
must be taken in choosing the parameter valuethagoa stationary state may be determined. We have
included in Table 3 the values chosen for the patars, used to determine the initial stationartesta

The first thing that will likely be apparent to tiheader is that the parameters in Table 3 are, in
some cases, different from those listed in TableAk. discussed previously, the system of equatisns
inherently unstable, indicating that derivationtieé optimal path is computationally difficult. Rareter
values must be chosen so as to allow for derivatiomultiple optimal time path, as each parameser i
modified. Moreover, the intent of this chaptend to directly contrast the results of the presisimple

model with this more complicated model. Ratheg,ghrpose is to conduct the same type of analysis,

46 Code available from author upon request.
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Table 3
Parameter values for examples

Parameter Value
V1 0.4
Y2 0.3
A 0.6
Oy 0.22
Oy 0.13
n 0.9
by 0.01
by 0.01
b, 2

oy 0.3
O 0.5
d1 0.1
o 0.1
p 0.05
m 26

changing the parameters and identifying how thengbain parameter values impacts the optimal time
paths and stationary state values of the systemblas. As such, we need to assure that the p&eame
values are within acceptable limits.

The productivity parameters; and y,, are both less than 1, assuring that our assumputio
diminishing returns to scale in production is mekEurther,y; < y, in order to represent the higher
production cost of the clean good. TechnologyesMeen O and 1, 0 < A < 1, to represent that daisita
productive but not perfectly efficient. The poitut intensity parameters, ands,, are between 0 and 1, as
defined above, to represent that production regulp®llution, but that the amount of pollutionléss than
the amount of output. The pollution intensity paeser for the dirty goodx, is higher than that for the
clean goody. We require that 0 % < 1 in order to guarantee that there is compleargptbetween
consumption and environmental quality. The fixed aariable costs of abatemeld,andb, respectively,

are positive, anth; is less than 1, so that society is capable ofiapdi00 percent of emissions. The cost
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function shape parametés, is greater than 1 to assure convexity. Thetyslhares of good and goody,

o1 anday, respectively, are between 0 and 1 in order toapiae that society receives positive utility from
consumption of each good subject to diminishing gimad utility. Further,a; < a,, representing that
society receives additional utility from the envimental benefits of consuming the clean good. The
depreciation rate and assimilation rates are betWegnd 1, so that capital and pollution stockselgpte
over time. The parametgiis set at what we believe is a reasonable disaatet Finally,m is obviously
much higher than in the previous chapter, but thlg cequirement form is that it be greater than 0, so
that the environment will have some positive maximearrying capacity. The society represented by th

parameter values in Table 3, then, lives in anrenment with a much higher carrying capacity.

4.3.2. Stationary state

For every set of parameters, there exists a unigienal path, and an infinite number of non-
optimal paths. Choosing parameters that fairlleotfwhat a representative economy may look likewed
us to derive optimal solutions that give insighbithe impact of various parameters on the realdyor
parameters over which society may be capable afiegdnfluence. By comparing sets of parameteid a
their corresponding optimal solutions, we can detee what effect changing those parameters may have
on the optimal time path and stationary state l@fetmissions and pollutioH. If we also compare the
impact of those parameter changes on the statictaty levels of other variables, we may gain intsigto
exactly how changes in parameters impact emissindspollution. It is possible to offer predictioas to
the likely outcome resulting from a change in pamvalues, as will be discussed below, yet tbetfat
this remains a dynamic system means that changiagparameter value may alter the time path of every
variable, making precise predictions extremelyiciiff. Better than predictions are actual resmiesasured

as parameter values are modified and the resudtatgpnary states are compared.

4.3.2.1. Stationary state for capital

Generally speaking, an increase in productivityap@atersy, andy,, the level of technology,

4" The reader will note that in the following execisertain parameters are increased and others are
decreased. This is not an indication that we belibat an increase or decrease is more likelgdtity. Rather, the
choice is determined by which better facilitatempatation of the optimal time paths.
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and the parameters representing the share ofywdiherated by consumptios, or oy, correspond to an
increase in the marginal benefit of capital. Awgré@ase in the productivity parameters or the lefel
technology would mean that the same amount of alag#lds a higher level of output and that eacth oin
capital has a higher value to society. An increiasthe utility parameters would mean that the same
amount of capital yields the same level of out/ut, that level of output is capable of yielding ighter
total utility along the optimal path, also indigagithat each unit of capital has a higher valusotety. Of
course, the fact that each unit of capital hasghéri value to society is not a sufficient condition a
higher stationary state. It also means that spcien reach the same level of utility from consuomptvith
a lower level of capital and could, in such a gitig enjoy a higher level of environmental quality
Additionally, increases in the utility parametersuld also create incentives to reduce the rateapftal
accumulation. An increase in the utility gainednfr consuming each unit of goadwill tend to increase
production and consumption of gogdand that can lead to a reduction in productiogaxfdy, which is
needed for investment in future capital. An inse the utility gained from consuming each uhigaod
y will tend to increase production and consumptibgandy, but, if the increase in consumption of ggod
outpaces the increase in production of ggoithere will be a lower amount of gogdivailable to invest in
future capital.

To further complicate the matter, increasing onhe g@roduction parameter or only one utility
parameter will alter the MRTS or the MRS, respetiv As the production parameters are altered, the
MRTS changes, and production of one of the goodisbetome relatively more attractive. Similarlyg a
the utility parameters are altered, the MRS chanaes one good will become relatively more attrects
compared to the other good, and both goods willoimec relatively more attractive as compared to
environmental quality. The resulting shifts in thguilibrium, where MRS = MRTS, make it difficulb t
predict the outcome. This difficulty is inheremt any complex dynamic system, and it is why the
following analysis is important. Any parametersinch a system will directly or indirectly impactegy
variable, and making assumptions regarding the d@mpd changing a single parameter is likely to
underestimate, if not completely ignore, at least of many ways in which the parameter change taffec

either or both the MRS and MRTS.
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An increase in the depreciation of capit@&l, can be thought of as decreasein the value of
capital As capital depreciates faster, the fustream of income represented by each unit of daigita
reduced. The fact that the stationary state lefetapital decreases ds increases is perhaps not
surprising, but it should not be assumed that ssithe only possible result. Instead, consider sbaiety
will realize that achieving the same level of canption is possible by increasing capital accumairati
Such a choice will have to be balanced againstrabiptions, including obtaining the same level of
consumption by reducing abatement or simply acogptower consumption. Ex ante it would be
impossible to have any confidence in predicting titha outcome will be. The very real possibilihat
traditional assumptions, often relying heavily aice effects not income effects, may be incorrewar
certain circumstances should reinforce the imperanf investigating the validity of the assumptiaised.

Certain other parameters can be understood asathdicof the cost of capital, such as the
pollution intensity parametersy or oy, or the various abatement cost parametggsy;, andb,. As the
pollution intensity parameters increase, the saaael lof production results in a higher level oflptibn,
assuming constant abatement levels. As the cosisioly capital increases, we would anticipate that
society would choose a lower level of capital altimg optimal path. Of course, society has the pdwe
choose a higher level of abatement in order to mwuat least somewhat, the tendency towards isetka
pollution. That increased abatement would not lostless and would divert output away from
consumption and, in the case of indugtrgway from future capital accumulation.

Changes in the abatement cost parameters impatilcaumulation in a number of ways. The
first impact is similar to the impact of a changethe pollution intensity parameters. An increaséhe
fixed and variable costs of capithl, andb;, means that maintaining the same environmentditygaa the
same level of capital will be more expensive. Thhe cost of using capital, in terms of environtaén
quality, has increased, which would tend to de@eagpital accumulation along the optimal time pathe
second impact is that as the fixed and variablésamiscapital increase, the level of abatement diéeihd
to decrease. Lower levels of abatement would thad to lead to higher levels of production, allogyi
greater consumption and investment along the optoadh. An increase in the convexity parameter of

abatementh,, on the other hand, indicates that the marginat ob abatement remains low for a much
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larger range of abatement choices. This will tenihcrease the level of abatement, which in tends to
decrease capital accumulation along the optimdd. pat

More complicated is the effect of an increase & depreciation rate for pollutiod,. As J,
increases, pollution emitted during production ragisies more quickly into the environment. Pobuti
left alone, then, will disappear much more rapidlgd abating pollution in the current time perioelds
fewer benefits as a result of the natural abatentexttoccurs. All of this lessens the incentivéddego
consumption and investment in the current timeqokim order to preserve a clean environment faurfut
time periods. Thusseteris paribusa higher assimilation rate, will tend to increastl net production,
and therefore higher consumption and investment.

Table 4a indicates that most of our predicted ltesbhave been realized. Increasing the
productivity of capital in either industry resuitsan increase in the stationary state level oftaapThus,
the increase in capital’s value to society mustveigh any of the other confounding effects mentibne
above. As technology increases, and the efficiesfcgapital increases, society also chooses a highe
stationary state level of capital. Likewise, as plollution intensity parameter in industrys increased, the
cost of using capital in production of gogpdncreases, and society chooses a lower staticmary level of
capital. However, our predictions regardijgand its impact on the time path of capital arebrane out
by the results. It is a reasonable assumptionalicrease s, should increase capital accumulation over
time, because the pollution costs of each unitapiital have decreased. Instead, a lower pollutast of
production leads to a lower level of capital in #tationary state. There are a number of possiisisons
for this outcome. It is possible that, as the yalh intensity is reduced, the level of abatemalsb
declines. If that decline is substantial enoublntless capital is needed in order to achievedhe level
of consumption (i.e., the income effects would dwaie). Along the same lines, a decrease in tHetjool
intensity of goodk means that the societal cost of gooldas declined, and more of that good should be
produced. If that production is the result of ased investment, then capital should increaseresult.

If, however, an increase in the production of gmasl primarily the result of a substitution of capifrom
goody to goodx, then the higher productivity of capital in thetgdiindustry may mean that less capital is

needed, so the stationary state level of capitalldvdecline.
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Table 4a
Change in stationary state capital stock (k) dysat@ameter changes
Initial stationary ~ New stationary

state state Change
Increase, from 0.4 to 0.41 1.9522 1.9673 (+)
Increasey, from 0.3 to 0.31 1.9522 2.0244 (+)
Increase A from 0.6 to 0.61 1.9522 1.9989 (+)
Decrease; from 0.22 to 0.21 1.9522 1.9517 (-)
Increaser, from 0.13 to 0.14 1.9522 1.9515 (-)
Decreaseg from 0.9 to 0.5 1.9522 1.9522 even
Increasdy, from 0.01 to 0.011 1.9522 1.9494 (-)
Increaseh; from 0.01 to 0.011 1.9522 1.9511 (-)
Increaseh, from 2 to 2.1 1.9522 1.9519 (-)
Increasex; from 0.3 to 0.31 1.9522 1.972 (+)
Decreaser, from 0.5 to 0.495 1.9522 1.9583 (+)
Increasey; from 0.1 to 0.11 1.9522 1.7738 (-)
Increasey, from 0.1 to 0.2 1.9522 1.9536 (+)

Increases in the costs of abatement lead to a alerm the stationary state level of capital
because the cost of using capital in an environatigrfriendly manner has now increased. Using teédpi
in a non-environmentally friendly way will resutt lower utility as the environment is degraded.siim,
there is an increase in the cost of using captakociety chooses a lower stationary state Idvehpital.
Likewise, increasing the convexity of the abatemeost function means that the marginal cost of
abatement has decreased and abatement is thdesfemostly. An increase in abatement would letisen
level of output potentially available for investnieand therefore lessen the stationary state tefvedhpital.
Note, however, that both increases and decreaghs tost of abatement can yield the same impathen
stationary state level of capital, reinforcing tlaet that we should be very careful in our assuomsti
regarding the impacts of parameter change.

As society receives greater utility from the praitut of goodx, it necessarily receives less utility
from a clean environment, so society is willingdooose a higher stationary state level of capétat]
likely a corresponding higher level of pollutiotdowever, a decrease in the utility society receivem
goody also yields a higher level of capital in the statiry state. The decrease means that society gains
greater utility from a clean environment, yet stciehooses a higher level of capital, which canltds a

more degraded environment. However, society i @pable of increasing abatement in both industae
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counter the impacts of a higher capital stock.
As capital depreciates at a higher rate, society tage certain steps in an attempt to counter the
more rapid deterioration of the capital stock, kaitleast in this case, it is not fully effectivend the
stationary state level of capital decreases. Kinas pollution assimilates at a faster rate, efgaieacts to

the lower cost of using capital in production bpaking a higher stationary state level of capital.

4.3.2.2. Stationary state for consumption

We turn next to the impact of parameter changeheridvels of consumption for both goods. An
increase in the productivity factors for each indugives society the opportunity to consume more.
Ceteris paribuswhichever industry experiences the increase adytivity will see an increase in output.
Of course, the system is dynamic, so it is hightlikely that everything else will remain constanhs
productivity rises, society could choose a higlarel of abatement, leaving consumption constant but
allowing society to experience higher environmenqtadlity. Alternatively, society may shift capital the
other industry, thus allowing for an increase ithbgoods. One additional possibility is that stcieill
choose a higher level of investment, so as to atjosater consumption in future time periodsx ante it
is difficult to predict with certainty the changssciety will choose to implement in reaction toguotivity
changes.

An increase in the technology parameter means ¢hattal, in general, is more efficient,
regardless of the industry in which it is put t®@usAs such, an increase in technology would afiowv
greater production in both industries, so we woaltticipate that there would be an increase in
consumption of both goods. Increases in the pofiuintensity parameters means that production and,
therefore, consumption of each good becomes mapensive in terms of the environmental costs of
consumption. We should therefore expect a redudticonsumption of the good for which there hasrbe
an increase in pollution intensity. As society ftshicapital, we would also expect an increase in
consumption of the good for which there has beeimcr@ase in pollution intensity.

As the fixed and variable costs of abatement irsgeave would expect consumption of both
goods to decrease, as it becomes more expengivedace and, therefore, consume in an environnigntal

friendly way. As the abatement cost function beesmore convex, the marginal cost of abatementdvoul
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decrease, so producing in an environmentally ftieady becomes cheaper, and we would expect greater
production of both goods, which could then be camel.  An increase in the depreciation rate fortehpi
suggests more capital would need to be saved gr dodmaintain consumption at the current levahc&
investment is only possible to the extent that oomstion is foregone, it is likely that an increasehe
capital depreciation rate will cause a decreaseoimsumption of both goods. Finally, as the padiuti
assimilation rate increases, current pollutionessl costly, so society could reduce abatement ih bo
industries and achieve greater output with the daxed of capital, which could then be consumed.

Comparing these reasonably standard predictiond wie actual results, we note certain
disparities. Rather than being troubling, howetleese disparities merely confirm what was discesén
the previous chapter--standard assumptions regardomplex dynamic systems, though seemingly
reasonable, should be confirmed through furtheestigation before being relied upon. Each paramete
impacts the optimal path of multiple variables dilg and all variables indirectly; even the masgically
crafted assumption can fail in the face of incregsiomplexity. By looking at Tables 4b and 4c, see
that an increase ipy causes an increase in consumptiox ahd a decrease in consumptioryabut that an
increase iry, yields an increase in consumption of both gooHsus, in the case qf, substitution effects
appear to dominate, while in the caseypfincome effects dominate. An increase in techylgields an
increase in consumption of both goods, as moreiefii capital allows for increased production oftbo
goods.

Changes in the pollution intensity parameters hseme unexpected results. As industry
becomes less pollution intensive, consumption afdgohas become less costly to the environment, and
yet society chooses a lower level of consumptiogarfdx and a higher level of consumption of gogd
which has now become relatively more environmeyedistly. If we focus on consumption alone, thisre
little to explain why this should occur, but thendynic nature of the system can confound otherwise
intuitive predictions. Table 4d indicates that ecidase in the pollution intensity of industrycauses
capital to be shifted away from industtyand into industryy, indicating that consumption of goadwill
decrease. When industgy becomes more pollution intensive, consumptiony alecreases, which is

expected, and there is no change in consumptian of
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Table 4b
Change in stationary state consumption of goog)xdige to parameter change
Initial stationary =~ New stationary

state state Change
Increase, from 0.4 to 0.41 0.5195 0.5222 (+)
Increasey, from 0.3 to 0.31 0.5195 0.5216 (+)
Increase A from 0.6 to 0.61 0.5195 0.5333 (+)
Decrease; from 0.22 to 0.21 0.5195 0.5194 (-)
Increaser, from 0.13 to 0.14 0.5195 0.5195 even
Decreaseg from 0.9 to 0.5 0.5195 0.5195 even
Increase, from 0.01 to 0.011 0.5195 0.5192 (-)
Increaseb; from 0.01 to 0.011 0.5195 0.5193 (-)
Increaseb, from 2 to 2.1 0.5195 0.5194 (-)
Increasex; from 0.3 to 0.31 0.5195 0.5253 (+)
Decrease, from 0.5 to 0.495 0.5195 0.5214 (+)
Increasey; from 0.1 to 0.11 0.5195 0.4984 (-)
Increasey, from 0.1 to 0.2 0.5195 0.519 (-)

Table 4c
Change in stationary state consumption of goog)ydige to parameter change
Initial stationary =~ New stationary

state state Change
Increase, from 0.4 to 0.41 0.44 0.4385 (-)
Increasey, from 0.3 to 0.31 0.44 0.4443 (+)
Increase A from 0.6 to 0.61 0.44 0.4505 (+)
Decrease; from 0.22 to 0.21 0.44 0.4401 (+)
Increaser, from 0.13 to 0.14 0.44 0.4399 (-)
Decreaseg from 0.9 to 0.5 0.44 0.44 even
Increasdy, from 0.01 to 0.011 0.44 0.4394 (-)
Increaseh; from 0.01 to 0.011 0.44 0.4401 (+)
Increaseh, from 2 to 2.1 0.44 0.4401 (+)
Increasex; from 0.3 to 0.31 0.44 0.4382 (-)
Decreaser, from 0.5 to 0.495 0.44 0.4393 (-)
Increasey; from 0.1 t0 0.11 0.44 0.423 (-)
Increasey, from 0.1 to 0.2 0.44 0.4407 (+)

As by increases, consumption of both goods declinesaaspredicted, yet an increase in either
or b, causes an increase in consumption of gpadd a decrease in consumption of ggod his disparity
arises out of the strength of secondary effectsh,amcreases, the variable costs of abatement are
increasing, which creates stronger substitutioeotéfand causes society to substitute out of tiye gibod,

which requires more abatement, and into the clean.g Asb, increases, the cost structure of abatement
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Table 4d
Change in stationary state allocation of capitdldue to parameter change
Initial stationary =~ New stationary

state state Change
Increase, from 0.4 to 0.41 0.3574 0.3623 (+)
Increasey, from 0.3 to 0.31 0.3574 0.3481 (-)
Increase A from 0.6 to 0.61 0.3574 0.3575 (+)
Decrease; from 0.22 to 0.21 0.3574 0.3573 (-)
Increaser, from 0.13 to 0.14 0.3574 0.3575 (+)
Decreaseg from 0.9 to 0.5 0.3574 0.3574 even
Increaseby from 0.01 to 0.011 0.3574 0.3574 even
Increaseh; from 0.01 to 0.011 0.3574 0.3571 (-)
Increaseh, from 2 to 2.1 0.3574 0.3572 (-)
Increasex; from 0.3 to 0.31 0.3574 0.3637 (+)
Decreaser, from 0.5 to 0.495 0.3574 0.3595 (+)
Increasey; from 0.1 to 0.11 0.3574 0.3544 (-)
Increasey, from 0.1 to 0.2 0.3574 0.3562 (-)

changes, reducing the cost of abatement, and gettult is the same as an increads,imvhich represents
an increase in the cost of abatement. An increatfee convexity of the abatement cost functiorl héve
less of an impact on the cost of abatement in ingdus due to the fact that abatement in industry near

1, as shown in Table 4e. In indusgryhowever, abatement is lower, so raising it tagdr power reduces
the abatement cost more dramatically. Becausemieat is now less costly in industyhan in industry

X, consumption of goog is how less costly than consumption of goo@nd society appears to make the
choice to substitute out @fand intoy.

An increase in the capital depreciation rate yieh#sexpected result, as it becomes much harder
to maintain the same level of capital. A reduciiothe level of capital leads to a reduction iripoti and,
therefore, consumption. A decrease in the polluéissimilation rate leads to a decrease in consompt
x and an increase in consumption of ggodAs noted above with regard to the cost functionvexity
parameter, a change in the cost of abatement idettogvenly in both industries. That disparityads
society to substitute out of consumptionxadnd into consumption of Society reacts to the increase in
the depreciation rate by choosing to take advarmségige lower cost of production by saving moratdbr

future consumption, and it can only do so througidpction and investment of gogd
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Table 4e
Change in stationary state abatement in industy)xdue to parameter change
Initial stationary ~ New stationary

state state Change
Increase, from 0.4 to 0.41 0.973 0.9777 (+)
Increasey, from 0.3 to 0.31 0.973 0.9769 (+)
Increase A from 0.6 to 0.61 0.973 0.9974 (+)
Decrease; from 0.22 to 0.21 0.973 0.9309 (-)
Increaser, from 0.13 to 0.14 0.973 0.9737 (+)
Decreaseg from 0.9 to 0.5 0.973 0.973 even
Increasdy, from 0.01 to 0.011 0.973 0.9715 (-)
Increaseb, from 0.01 to 0.011 0.973 0.8888 (-)
Increaseh, from 2 to 2.1 0.973 0.9344 (-)
Increasex; from 0.3 to 0.31 0.973 0.9086 (-)
Decreaser, from 0.5 to 0.495 0.973 0.9989 (+)
Increasey; from 0.1 to 0.11 0.973 0.9352 (-)
Increasey, from 0.1 to 0.2 0.973 0.5878 (-)

4.3.2.3. Stationary state for capital allocation

As parameters change, the optimal levels of coptiom and production of the clean and dirty
goods will also change, leading the social plartoethange the allocation of capital between indestr
For example, as the productivity of capital in eitiindustry increases, the value of capital witthat
industry increases, and we would expect that tlieakplanner would shift capital into that indusiry
order to take advantage of the increased prodtictivhs technology increases, and capital becomag m
productive, the value of capital, generally, woiuldrease, which could lead society to desire atgrea
amount of capital. Because the only way to ina@dhs capital stock is to produce more of ggpso we
would predict that the value af would decrease, sincerepresents the portion of capital stock in industr
X. We note, however, that income effects may dotajna that the increased efficiency of capitabat
for the same output at lower levels of capitalthet investment in future capital is not as esagrigading
to a higher value of.

As the pollution intensity parameters in each induisicrease, the cost of allocating capital ta tha
industry increases, so as induskyyields higher levels of pollution, we would expdetss capital in
industryx. Conversely, as industyyyields higher levels of pollution, we would expegbre capital in

industryx. We would not expect great change from alterationthe abatement cost parameters, as any
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such changes impact abatement in both industriethénsame way. However, increasing costs of
abatement mean that the cost of using capitaliftaeased, so we would expect that there mightddiglat
increase in capital being allocated to industryAs society receives greater utility from a parkar good,
we would predict that the social planner would tspibduction to that industry. An increase in tagital
depreciation rate means that society is losingtahpt a faster rate, so we would predict thatdbeial
planner would shift more capital away from industrand towards industry, where it can be invested in
future capital accumulation. Finally, an incre@s¢he pollution assimilation rate means that ¢bet of
using capital in production has decreased, so wddexpect to see a shift of capital to industrwhere it
can be invested in future capital.

By looking at Table 4d, we again see that ourltesare mixed. As each individual industry
becomes more productive, capital shifts to thatishdy, as predicted. As capital becomes genenadlye
efficient, however, society shifts more productioto industryx. The value of capital has increased, but
instead of shifting more capital towards indusgrywhere more capital can be accumulated, the social
planner shifts capital to the industry which prossigreater current consumption. Recall, howebeat, t
these results are for the stationary state, notitte path. The increased efficiency of capited bHowed
society to accumulate more capital over time, shawmable 4a, indicating that allocation to indysyr
was higher along the optimal time path, settlingvddo a lower stationary state level that allows fo
greater utility from greater consumptionof

Decreasing the pollution intensity in induskglecreases the cost of allocating capital to inglust
X, but society chooses to shift capital away fromustryx and to industry. However, when industry
becomes more pollution intensive, the social plarstéfts more capital towards industgy In both
circumstances, allocating capital to industritas become relatively more costly to the envirammand
yet seemingly equivalent stimuli result in differ@utcomes.

Increasing the fixed cost of abatement yields nange in capital allocation, but increasing the
variable cost of abatement and the convexity ofcit function both result in a shift towards intyy.
Increasing the variable cost affects both industiiethe same way, but a change in the convexithef

abatement cost curve does not. The convexityehtiatement cost function means that the margosl ¢
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of abatement increases as abatement approachieerkasing the convexity amplifies the effect, katt
the marginal cost of abatement in industryvhich has an abatement level near 1, is mucherézan the
marginal cost of abatement in indusytywhere abatement is relatively low. As it becornmseasingly
more costly to produce goodin an environmentally friendly way, society shifisoduction away from
industryx.

The remaining parameter changes yield the predigedlts. When society receives relatively
more utility from consuming, either because of an increasexinor a decrease i, the social planner
shifts more capital to production ®f When capital depreciates at a faster rate, db@lsplanner shifts
capital to industry, where it can be invested in future capital st@eld when pollution assimilates faster,
society shifts capital to industry, in order to accumulate more capital since usiagital is less

environmentally costly.

4.3.2.4. Stationary state for abatement

We turn next to the effect of parameter changetherlevel of abatement in either industry. An
increase in the productivity factor of either gaitbuld increase the amount of income that sociatyth
spend on either consumption, investment, or abatemehat increase in income should allow the docia
planner to choose a higher level of abatementeririiustry in which the productivity increase ialized.
The same amount of capital now generates more Huwpd some of that potential output can be utiljize
instead, in abatement, leading to the same levebuwput but with a lower level of emissions.
Alternatively, the social planner may also realteczapital between industries, so that societyardnieve
increased abatement in the industry that has ot ge increase in productivity. An increase ifmtedogy
will allow for greater output in both industriesycathat increase may be spent on increased abatémen
both industries.

A slightly different choice faces society when g@lution intensity of each industry changes. As
more pollution is produced for the same level afpat; society may desire to reduce pollution, buhay
do it through abatement in either industry. It nda@gide to engage in abatement in the industryishadw
a greater source of pollution, or it may decidet tie cheaper method of abating pollution is thfoug

abatement in the industry that has not seen amaserin pollution intensity, and is therefore reédy
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cleaner. As the fixed and variable costs of abaténincrease, we would predict that the amount of
abatement in both industries would decline, antherease in the convexity parameter would decrdase
marginal cost of abatement over most of the reddenaalues olu, anduy, so that we would expect an
increase in abatement in both industries.

As society begins to receive greater utility froomsumption of goods ory, there will tend to be
an increase in demand for those goods, which @eatlisincentive to abate in the industry that pced
the good from which society now receives a greksteel of utility. There will also be a correspondi
disincentive to engage in abatement efforts initftustry that produces the good for which society’s
preferences have remained constant. The lattercdigtive arises out of the fact that society' séased
demand for one good means a corresponding dedredse utility society gains from a clean envirormme
As the capital depreciation rate increases, we davaxpect that the social planner would decrease
abatement, especially in industryso that more output would be available to regletihe stock of capital.
Finally, as the pollution assimilation rate incregsthe value of engaging in abatement declinesthio
environment’s natural capacity to eliminate potiation its own has increased. We would therefoedipt
that abatement would decline in both industries.

By looking at Tables 4e and 4f, we see that, is ttase, an increase if results in society
choosing to spend the additional resources on hilgivels of abatement in industry achieving desired
reductions in pollution in that industry while ieasing consumption of, as shown in Table 4b. The
additional productivity is not used to increasetab®nt in industryy, but Table 4g indicates that total
pollution has declined, so the reduction in abatgnie industryy is more than offset by the increase in
abatement in industry. An increase iry, results in an increase in abatement in both imgsstindicating
that society makes the choice to expend some ofadlditional resources on achieving a cleaner
environment in both industries. A similar ressltaichieved as an increase in technology resulyseiater
income, which society chooses to expend on gredtement in both industries.

A decrease in the pollution intensity of industrieads to an increase in abatement in industry
and a decrease in abatement in indugfrgs industryy is now the relatively higher polluter. In other

words, society chooses to address the problemtlyirgithe source, by increasing abatement in the
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Table 4f
Change in stationary state abatement in indusfoy)ydue to parameter change

Initial stationary =~ New stationary

state state Change
Increase, from 0.4 to 0.41 0.2979 0.2969 (-)
Increasey, from 0.3 to 0.31 0.2979 0.3009 (+)
Increase A from 0.6 to 0.61 0.2979 0.3048 (+)
Decrease; from 0.22 to 0.21 0.2979 0.2985 (+)
Increaser, from 0.13 to 0.14 0.2979 0.3211 (+)
Decreaseg from 0.9 to 0.5 0.2979 0.298 (+)
Increasdy, from 0.01 to 0.011 0.2979 0.2975 (-)
Increaseh; from 0.01 to 0.011 0.2979 0.2722 (-)
Increaseh, from 2 to 2.1 0.2979 0.3185 (+)
Increasex; from 0.3 to 0.31 0.2979 0.2828 (-)
Decreaser, from 0.5 to 0.495 0.2979 0.3075 (+)
Increasey; from 0.1 t0 0.11 0.2979 0.2868 (-)
Increasey, from 0.1 to 0.2 0.2979 0.1794 (-)

Table 4g
Change in stationary state pollution (m) due t@pwater change

Initial stationary ~ New stationary

state state Change
Increase, from 0.4 to 0.41 0.6171 0.6126 (-)
Increasey, from 0.3 to 0.31 0.6171 0.6208 (+)
Increase A from 0.6 to 0.61 0.6171 0.5973 (-)
Decrease; from 0.22 to 0.21 0.6171 0.6611 (+)
Increaser, from 0.13 to 0.14 0.6171 0.6403 (+)
Decreaseg from 0.9 to 0.5 0.6171 0.6171 even
Increasdy, from 0.01 to 0.011 0.6171 0.6188 (+)
Increaseh; from 0.01 to 0.011 0.6171 0.7346 (+)
Increaseh, from 2 to 2.1 0.6171 0.6439 (+)
Increasex; from 0.3 to 0.31 0.6171 0.7045 (+)
Decreaser, from 0.5 to 0.495 0.6171 0.5794 (-)
Increasey; from 0.1 t0 0.11 0.6171 0.6504 (+)
Increasey, from 0.1 to 0.2 0.6171 0.5782 (-)

industry that is relatively higher polluting. Andrease in the pollution intensity of industryhowever,
leads society to increase abatement in both indastrOf course, it is possible to think of inciegsthe
pollution intensity ofy as equivalent to decreasing the pollution intgnsitx, and to expect similar results
from both. The results shown in Tables 4e andahdicate that such expectations in a complex systam

go unrealized depending upon the starting pointtaednagnitude of the changes.
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The predicted reaction to increases in the fixath\ariable costs of abatement are realized, in that
increased costs of abatement result in decreasatbrabnt. As the convexity of the cost function
increases, however, abatement in industtifecreases, but abatement in indugtiycreases. As discussed
above, an increase in the convexity of the abatémest function means that the marginal cost of
abatement is decreasing in abatement. Abatememhdnstry x is already almost complete, while
abatement in industry is still relatively low, resulting in greater patel for cost savings by increasing
abatement in industry. If abatement is going to be increased in ingugtisociety can reduce abatement
in industryx by some amount and still enjoy the same levehefrenmental quality.

As a; increases, we see the predicted results matesialith a decrease in the abatement level
achieved in both industries, which allows for highet production ok to be consumed. As decreases,
society chooses a higher level of abatement in bathstries. Any decrease in the consumptiontytili
parameters results in an increase in the utiligrestor a clean environment. Thus, as societysgkss
utility from consumption ofy, it increases abatement in order to gain more lzdtvit now values at a
relatively higher rate, environmental quality. reases in the capital depreciation rate, and thietjpm
assimilation rate cause abatement in both indsstaedecline, as predicted, and in response tdititeer

cost and lower benefit of abatement.

4.3.2.5. Stationary state for pollution

The impact of parameter changes on emissionsheilliscussed below, but it is also important to
look at the impact on the stock of pollution, adlwéncreases in productivity would be expectedyice
rise to an increase in output, with the possibbedase in investment, and therefore even greateluption
in the future, with corresponding increases inyga@h. The same result can be expected from aease
in technology. Of course society’s preferencedoarlean environment must be taken into account, and
some amount of the increased wealth will almosurasly be spent on environmental improvements
through abatementEx ante it is impossible to know whether or not the irged abatement expenditures
will be enough to offset the increase in productidnch we expect.

Increased pollution intensity would be expectedirtorease pollution as well, as the same

production amount yields greater pollution. Societll be willing to expend some amount of additidn
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resources on abatement, but it is unlikely thatetpowill be willing to expend sufficient resourcés
maintain the same level of pollution. Because oongion and a clean environment are complementary
goods, we would expect some new equilibrium at sdewel of pollution greater than the original
stationary state level. As the cost of abatemmreases, whether fixed or variable costs, abateshenld
decrease and pollution rise, and as the abatenosbifunction becomes more convex, abatement should
increase and pollution go down.

Increased utility from consumption should lead ltover abatement and, therefore, higher
pollution, as society values a clean environmess,ldoth in absolute and relative terms. As chpita
depreciates at a faster rate, society must rebaligmmix of consumption and a clean environmerdrder
to maintain a stable stock of capital. Increaseeestment will likely reduce both consumption and
abatement, so we would expect that pollution wdanktease. As pollution assimilates faster into the
environment, we would expect that the level of widin would drop. There may be additional, lesedi
reasons for why pollution would decline in the istadry state, but the simplest explanation is syntpat
more of it is disposed of by the environment inrgume period, making it harder to build up poitut
stock, even if society desired a higher statioséage level of pollution.

Many of the predicted results for stationary staddution were realized but not all. Table 4g
shows that an increase in the productivity of indug and an increase in technology result in lower
pollution over time, while an increase in the prctiltity of industryy yields an increase in pollution. This
may seem odd that an increase in the productifithe green industry yields a higher level of ptitin,
but an increase in the productivity gfalso increases the possibilities for investmenfuilnire capital
stocks. Society is willing to expend some of thidiaonal income it receives from the productivitgost
or technological advance on abatement, enough uateo the potential for increased pollution, buisit
unwilling to sacrifice too much investment.

Decreased pollution intensity in induskgauses an increase in pollution, as society jpaitk on
abatement in the dirty good, shown in Table 4ecrdased pollution intensity in industgyincreases
pollution as expected. Increases in fixed andatdei costs of abatement also increase pollution, as

expected, although an increase in the convexityhef abatement cost function causes an increase in



80
pollution, as the resulting decrease in abatemernndustryx outweighs the increase in abatement in
industryy. Increased utility from consumption wieads to increased pollution, as abatement dezséas
response to a decline in utility from a clean emwiment. A decrease in utility from consumptionyof
means higher utility from a clean environment amdresponding lower pollution. Increased capital
depreciation leads to increased pollution as spsefiorced to increase output in order to maintstable
capital stock. Increased pollution assimilatioads to lower abatement, as shown in Table 4f, et t
natural ability of the environment to dispose ofllgicon more than compensates for the decreased
abatement.

Of course, one of the things which the previousptér revealed is that a discussion of stationary
state values is only half of the story, for it isspible that the time paths, pre- and post-pararmcesnge,
may cross at some point during the time periochefdimulation. Therefore, we now turn to an analgé

the time paths.

4.3.3. Optimal time paths

After solving for the stationary state, Matlab &pable of deriving an optimal path from the initial
values ofky = 0.5 andm, = 0 to the stationary state values described énathove tables, and using the
parameter values described in Table 3. Once ttimaltime paths for all variables have been defjwee
can determine the optimal level of emissions fargVevel of capital by using the equation:

e =([1-u, o, Fy(ak )+ @-u, Jo,F (Q-A)k,) (4.13)
Fig. 4a shows the optimal emissions path, and #igshows the optimal pollution path. The emissions
path shows the upside-down U shape characteriftam dEnvironmental Kuznets Curve, similar to the
results of the previous chapter. Unlike the prasichapter, however, the quadratic form of theypiolh
curve is not as pronounced. For most of the timidh,ppollution appears to be monotonically incregsi
and it is only as society approaches the statiogtate that the pollution curve appears to be iagadls

peak?® Emissions are decreasing as capital increasethe/éow assimilation rate means that pollution

8 Note that this phenomenon is not the same asdisdribed by Lieb (2004). Lieb described stock
pollutants as increasing monotonically, while flpallutants exhibited EKC properties. While Figa.ahd 4b are the
flow and stock of pollution in the model, they atifferent ways of measuring a single pollutantel,ion the other
hand, was discussing the characteristics of diftgpellutants.
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remains in the environment for a relatively longéi so that pollution plateaus at the same timd,an
approximately the same rate as capital, resultirthe path exhibited in Fig. 4b.

The optimal time paths of the other variables dse mformative and are represented in Figs. 5a
through 5e. Fig. 5a shows consumption of both godsing rapidly to their stationary state, with
consumption ok remaining at a higher level than consumptiog.o€onsumption ox stabilizes at 0.5195,
and consumption of stabilizes at 0.44. This higher level of consumpbf x is partially explained by the
higher utility gained from consumption &f as well as the need to forego consumptiory of order to
invest in future capital. Those effects are corgttesomewhat by the increased harm to the envirohme
from production ofx. Fig. 5b shows abatement in both industries, gism their stationary state, with
abatement in industry settling at a much higher level, 0.973, than abatg in industryy, 0.2979. This
disparity is explained by the higher pollution imséy in industryx, with society choosing to expend more
to make the dirty good less environmentally desivac Fig. 5¢ shows the time path of pollution ahd
shadow value of a clean environment. As pollutisas quickly and stabilizes at its stationaryestatvel,
the shadow value of a clean environment also asesstabilizes. The time path for the shadow vidue
quite flat, even flatter than in the previous cleapt This is explained by the fact that, the carrying
capacity of the environment, is much higher in #igiety than that represented in the previoustehap
Fig. 5d shows the time path of capital and the shadhlue of capital. Capital reaches its statigrsiate
level of 1.9522 at approximately half way throufk total time span of the simulation. Fig. 5e shte
time path of capital allocation, with the allocatishifting quickly until approximately one-third oépital

is allocated to production af

4.3.4. Effect of parameter change

As the discussion above demonstrated, a changheinvalues of the parameters can have
unexpected impacts on the variables. Figs. 6aitfirém show the effect of those parameter changes o
the emissions path. Note that there may be seedmspgrities in the shape of the initial emissiocnsve.
These disparities are merely the result of changethe range of the x-axis and y-axis, in order to

adequately show the change resulting from the patemehange.
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We turn first to an increase in productivity in usdry x. We know from the discussion above
that, in the stationary state, such an increasdtsei® higher levels of capital, a higher percgptaf that
capital being allocated to industsy with a corresponding increase in consumptionx,obut also an
increase in abatement in indusky We also know that consumption yfleclines, likely because society
invests more of good in future capital, which is apparently then shifte industryx to take advantage of
the increased productivity. As we discovered im pinevious chapter, however, simply because tlseee i
particular change in the stationary state levekdu® mean that the entire time path shifts in dliratction.
Any or all of the variables then could have beeaghér during the transition to the stationary staét the
variable could have settled down to a lower staigistate than before the change.

When it comes to emissions, we would expect thairtbrease in productivity in industkywould
increase emissions, as more capital is shifteddastryx, which has a higher pollution intensity. Fig. 6a
shows emissions curves before and after the inereake initial reaction is a decrease in emissiaéch
later turns into an increase in emissions at pea#l$ of emissions, but then shifting again to eetese in
emissions at the far right of the emissions curi/kis latter phenomenon is difficult to see frorg.Féa, so
we amplify the far right section of the emissionsve in Fig. 6b. That the emissions curves crags n
once, but twice, is unexpected, yet can be expglaineremembering that in order to make the bestofise
the increased productivity iR, the social planner will shift more productiontiaily to y, in order to
accumulate sufficient capital that more capital rhayallocated to industey Once more capital has been
accumulated, it is shifted to industxyand pollution rises to a higher peak. That higheak, however,
triggers higher abatement in indusiyso that society is able to achieve a lower gstatip state level of
emissions.

We turn next to an increase in productivity in isttyy. From our discussion above, we know
that an increase in the productivity of capitaindustryy will result in an increase in consumption of both
x andy in the stationary state, as the increase in ptddiyc allows for greater investment. That
investment yields higher levels of capital, whi¢lowas for greater consumption, but also greateterbant

in both industries. That would lead us to expéeit temissions would decline in the stationary state
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However, we also know that the stationary stateelle@f pollution is actually higher under a higher
productivity in industryy, which means we should be cautious in making aegiptions.

As the productivity of capital in industiyis increased, there is an initial decrease in sioms,
but a higher level of emissions in the long runoté\ however, that the increase in emissions in the
stationary state is not as great as the increaggahemissions over time, because the increasagpital
stock shifts the emissions curve out. At evergl®f capital, emissions are higher, but emissagtte to
a similar level in the stationary state. Becauskstryy is the only industry whose output can be used to
invest in future capital, an increase in produtfivhay cause, over time, an increase in capitah#&bion.

An increase in productivity in industgywill cause a shift in capital to industyywhich initially will result

in lower emissions, since production of goois less pollution intensive. However, a consiantease in
production leads to an increase in the total chpgtack, which allows for greater production and
consumption of both goods. An increase in productf goodx is thus facilitated, which results in an
increase in emissions along the optimal path.

By turning to an increase in technology, we knoattive will see an increase in the stationary
state level of capital, as well as increases irsamption ofx andy and abatement in industriggndy. In
essence, an increase in technology increasesfibierty of capital, essentially boosting societedome,
allowing society to realize increases in consunptidnile also paying for increased abatement togatot
the environment, which is the other source oftytfior society. Ex ante it is difficult to know whether the
rising pollution from increased production »fandy will be effectively countered by the increase in
abatement.

Fig. 6d indicates that, initially, society producssa higher level, which yields higher levels of
emissions. Society reaches a higher peak of emnssivhich yields an increase in society’s valuatd
environmental quality, and leads to the increasedeament in both industries. Thus, while socieches
a higher peak, the stationary state level of emigsare lower and at a higher level of capital.

We turn next to a decrease in pollution intensityndustryx. As industryx becomes relatively
more environmentally friendly, we would expect esioss to decrease. However, from our discussion

above, we know that a decrease in pollution intgrisi industryx has some unexpected results, such as
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decreasing consumption @fand increasing consumption gf even though the relative environmental
quality characteristics of the two goods have k&fied in favor ofx. The social planner does choose to
decrease abatement in indusknand increase abatement in industryand the stationary state level of
pollution increases.

Fig. 6e shows an increase in emissions with a dseréo,; the increase in emissions coincides
with the increase in stationary state levels ofypian shown in Table 4g. With a decrease in pahu
intensity of production of, society chooses lower abatement, which resultégher emissions in the long
run, although at low levels of capital emissiors actually higher.

Further complicating the analysis are the resulisnfan increase in the pollution intensity of
industryy. These results illustrate with greater claritg ffotential perils of making intuitive assumptions
without further verification. An increase in theliption intensity of industryy and a decrease in the
pollution intensity of industr shift the relative environmental benefits of thw tindustries in the same
direction. A comparison of Figs. 6e and 6f showat tihe general trend in emissions is the same fham
two changes, although the results depicted in éhevant portions of Tables 4a through 4g show that
society takes a different route to the same degiima The one fundamental difference in the erorssi
curve is that society experiences lower emissiensl$ at the initial portions of the emissions euwith a
decrease in pollution intensity of indusky

Fig. 6f shows an increase in emissions even asgtyochooses higher levels of abatement in both
industries, indicating that society desires to ¢eurthe increased pollution intensity with increhse
abatement, but that increased abatement is natisutf to effectively counter the increased potuati
intensity. It does, however, require that socigitye up a portion of the stationary state capitatls, as
shown in Table 4a.

By turning to a decrease ipn this represents a decrease in the complementsgttyeen goods.
Most importantly for the purposes of this discussi@ represents a decrease in the complementarity
between consumption and a clean environment. Eamdiscussion above, we know that the only impact
a decrease in complementarity has in the statiostae is an increase in abatement in indugtry

However, as we look at Fig. 6g, we notice thatehera significant shift downward in emissions. eTh
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choice of increased abatement in indust@ppears to be greater along the emissions pathittievat the
stationary state, since the emissions curves befodeafter the decrease in complementarity converge
the original stationary state level of emissions.

We next address an increase in the fixed cost afeatent, which we know will result in a
decrease in abatement in both industries, as wwellegreases in consumption>ofandy. That is an
indication that society would like to maintain teame level of environmental quality and is willita
sacrifice some amount of consumption in an attelmpttay as close as possible to the original legéls
abatement. Because this is an increase in thd figst of abatement, rather than variable costcts¢
does not increase with the level of abatement,oe@ety must incur an additional cost so long asesom
positive level of abatement is to be chosen. $paannot maintain the same level of environmental
quality, and the stationary state level of pollntiacreases as a result, but it is not as dramaatincrease
in pollution as we would expect with an increase¢hia variable cost of abatement. We would antteipa
that the emissions curve would shift up, and loglah Fig. 6h, we see that is precisely what hasiroed.
The change is not dramatic, indicating that socregy have been mostly successful in maintaining a
constant level of environmental quality. The bifgehange is the stationary state level of capital,
abatement cost increases, as at least a portitieecddditional cost comes at the expense of invargim
rather than consumption and abatement.

Increasing the variable cost of abatement has rahthe same impacts as an increase in the fixed
cost of abatement. The primary difference frompmnavious discussion of the stationary state leigeilsat
an increase in the variable cost of abatement saashift in production and consumption to ggodrlhe
reason behind this result is that a shift fromdhy good to the clean good is an imperfect stlifor
abatement, in that a shift of one unit of capitanf industryx to industryy will yield lower gross
emissions. Of course, this does not take into @ticthe fact that abatement is much higher in itrgus
but it is an attempt by society to achieve a cleam@ironment by alternative means as abatemeinbes
more costly.

By looking at Fig. 6i, we see that emissions inseemuch more significantly after an increase in

the variable cost than after an increase in thedfigost of abatement. This result is not surpgisas
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discussed previously, because an increase in xbd fiost just increases the choice of engagingnin
level of abatement, whereas an increase in thehlaricost of abatement increases the marginalafost
abatement at every level of abatement.

We next turn to an increase in the convexity ef &#ivatement cost function, which, as discussed
previously, indicates that the abatement cost fanctlopes upward at a less severe rate. Thistafédy
reduces the marginal cost of abatement at low m@tedatement, while increasing the marginal cdst o
abatement as abatement nears complete abatemenkndw that as the abatement cost function becomes
more convex, the social planner shifts capital intustryy, allowing increased consumption yf This
shift is a result of the relative costs of abatemianthe two industries; abatement in induskyis
approaching full abatement, which means that thegimal cost of abatement is much highexitihan iny,
where abatement is approximately 0.3, as shownaiplelT4f and Fig. 5b. A reduction in the level of
abatement ix and a corresponding increase in the abatemerititeygadjusted to account for the lower
pollution intensity in industry) could maintain the same level of environmentalliqyt Doing so without
further changes, however, would alter the relatdxeels of consumption and environmental qualityd an
virtually assure that society was not at the optil@eel of utility. Because the social plannerisnpary
goal is maximization of utility, she shifts prodiact towards industry at the same time as abatement in
industryy is increased.

Our initial prediction regarding emissions is thatincrease in the convexity of the abatement cost
function, and corresponding decrease in the mdrginat of abatement, would cause a decrease in
emissions. However, the reaction of various védemlio the change, especially the fact that ineeas
convexity of the abatement cost function result@mnincrease in the stationary state level of piolf
makes us question the correctness of our initidligtion.

Fig. 6j shows that the emissions curve exhibitsirailar reaction as that demonstrated in
Chapter 3, in that emissions are initially lowes,pmedicted, but that the stationary state levalrofssions
are higher, as indicated by the higher stationgtedevel of pollution. Society is faced with misal
abatement costs that are declining in abatement¢hviticreases the incentives to abate. Societps#®oto

do precisely that, but that choice and the resultiraintenance of a clean environment for a longeiod
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of time leads to a delay in the rise of the costatéable for environmental quality. As a reswg see
from Table 4d that more production is moved to Btduy and abatement is increased in industryet
society lowers its abatement efforts in industrgnd as a result faces higher emissions and oiligvels
in the stationary state.

Next, we turn to an increase é, the share of utility that arises from consumptanx. An
increase in the utility parameter for googhifts the MRS, making more attractive relative tpand both
goods more attractive relative to a clean envirartméVNe would anticipate that such a shift in th&#
would cause an increase in production and consomti goodx, along with a reduction in abatement,
both of which are consistent with the results sasmve. However, we note that Tables 4a and 4dateli
that the stationary state capital stock has inebaand more capital is allocated to industryBecause the
capital stock is increased only as production findustryy is invested in the future capital stock, we know
that society must have allocated a larger portibeapital to industryy, in order to achieve the higher
capital stock.

Fig. 6k shows the expected increase in emissidie shift of capital to industry, required for
the increased stationary state capital stock, doedecrease emissions even at early stages, fimdj¢hat
the decrease in abatement in indugtiy likely at the earliest stages of development.

We next turn to a decrease in utility from consuompbfy, which alters the MRS, increasing the
relative importance of a clean environment in siy&eutility function. This should increase abatamhin
both industries and reduce emissions. The chalsger&reases the relative desirability of consuampbf
X, which could counter, in part, the improvementgiwvironmental quality that we would expect frora th
increase in the relative importance of a cleanrenment. From the discussion above, we know that t
stationary state level of pollution decreases dfterchange, and the downward pressures on enssaien
likely stronger. We also know that the change ltssn an increase in consumptionfa decrease in
consumption of, and increased abatement in both industries.

Fig. 61 confirms our predictions, as emissionsrelase over the entire emissions curve. The
increase in abatement in industyappears sufficient to counter the potential far@ased emissions as

production and consumption shift to industry
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By turning to an increase in the capital deprémiatate, we know from the discussion above that
the social planner needs to engage in more investimerder to achieve the same level of productind
consumption. Capital is shifted away from industrjpecause investment cannot come from industry
Consumption ofx therefore declines, but so does consumptiorny, ais more production is needed for
investment. Abatement also decreases, as anodananto pay for the increased investment. Alhef t
would indicate an increase in emissions, as wohél fact that the stationary state level of polltio
increases.

Fig. 6m shows a downward shift in the emissionsyeualthough the decrease appears to be
relatively small. The stationary state capitatkt significantly lower, as it is impossible tamtain the
same capital stock in the face of increased degiieni That reduction in capital is part of thasen why
emissions are lower even as abatement declinegtfnifdustries. It may initially appear contradist that
the emissions curve shifts down yet the statiostate level of pollution is higher. However, ndtat the
terminal point on the post-change emissions cunvEig. 6m has both a lower capital level and a éigh
emissions level, so that the higher stationaryedtatel of pollution is not contradictory.

Finally, we come to the change in emissions fronmarease in the depreciation rate for pollution,
or the assimilation rate. As the assimilation iatxeases, the benefit of abatement may have alssile
because more of what we allow into the environntkist period will be taken care of by nature in gver
future period. Alternatively, if the assimilatioate has increased, then the cost of achievingeancl
environment has now decreased, increasing socigtgéntive to engage in the effort of achievingttha
cleaner environment. From the previous discussian know that an increase in the assimilation rate
reduces the stationary state level of abatemembtim industries, lending support to the former arption.
However, the latter explanation may also have stmui, as the social planner takes other actions to
achieve a clean environment, shifting capital afvagyn the dirty industry and towards the clean iridus
This leads to a decrease in consumptiorx @nd an increase in consumptionyofind an increase in
investment. The reduction in abatement, howewssdhot result in an increase in the stationaty stael
of pollution, which is the result of an increasiapacity of the environment to assimilate pollutithout

specific abatement efforts by the social planner.
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By looking at Figure 6n, we see that an increasthénassimilation rate causes an increase in
emissions over time, exactly as predicted. Evewmdh the stationary state level of pollution desesa
emissions increase, as a higher percentage ofntiigsiens shown above are readily assimilated imo t
environment.

Recall that there were significant predictive idiifties in Chapter 3 with regard to the impact of
parameter change. The many uncertainties regatmgeaction of a complex system to a change in a
single parameter leads to the conclusion thatdhlg with great care that we should assume uraligysof
even the most intuitive assumptions. This chaptereased the complexity of the system, through the
inclusion of a second industry with different comgaiive and pollution characteristics. Other change
were necessary, such as changes in the baseliamgiar values, but one thing remained consistent fr
the previous chapter to this chapter, and thahés uncertainty regarding parameter values. Even th
additional analysis that was conducted regardimgimhpact of parameter values on the stationare stat

levels of the variables was insufficient to allowegiction with certainty what the reaction of tlystem
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Fig. 6n. Increase in pollution assimilation (det)afrom 0.1 to 0.2.
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would be to changes in parameter values. TablenBrarizes ouex antepredictions, as compared with
the results achieved.

Table 5 illustrates that, regardless of the intaitstrength of the assumptions we use in analyzing
these complex systems, there are a number of alieenconditions under which the common assumptions
are incorrect. Although the variation in baselpgameters from Chapter 3 to this chapter prectude
simple side-by-side analysis, the results from ¢higpter’s analysis reveal not only similar undatya but
also the intriguing result that an increase,itauses the pre- and post-increase optimal emsgiaths to
cross, not once but twice. These results urgadurtaution, and recommend further analysis reggritie

impact of parameter change.

4.4. Conclusion

Certain trends in U.S. history indicate that indi)als, advocates, and government entities may be
beginning to take seriously the potential benedfta shift towards green production, as descrilmethis
chapter. Curbside recycling is becoming more andencommonplace in cities around the United States,
yet individual and group voluntary efforts to releyhave been around much longer. The number of
products proudly proclaiming their use of recycledterials is another example, and even private
corporations have begun to take steps to impravetivironment, based solely on their desire toure

Table 5
Simulation results

Change in emissions path

Parameter changed Predicted Actual
Increase, from 0.4 to 0.41 (+) (-)then (+)then (-)
Increasey, from 0.3 to 0.31 (+) (-)then(+)
Increase A from 0.6 to 0.61 (+) (+)then(-)
Decrease; from 0.22 to 0.21 (-) (-)then (+)
Increaser, from 0.13 to 0.14 (+) (+)
Decrease from 0.9 to 0.5 (-) (+)
Increasdy from 0.01 to 0.011 (+) (+)
Increaseb; from 0.01 to 0.011 (+) (+)
Increaseb, from 2 to 2.1 (-) (-)then (+)
Increasey; from 0.3 to 0.31 (+) (-)
Decreaser, from 0.5 to 0.495 (-) (-)
Increasey; from 0.1 to 0.11 (+) (+)

Increase’, from 0.1 to 0.2 (+) (+)
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larger share of an increasingly environmentallysoious market. Advertising campaigns by local and
state governments encourage water and power catiggry Many government and non-governmental
entities have attempted to educate the public athd@opotentially devastating consequences of global
warming that could arise from choosing certain $ypéconsumption. These efforts can be seen lasreit
an attempt to alter society’'s preferences for grgeads, which in our model is represented by the
parameter:,, or possibly an attempt to alter society’s genpraferences for a clean environment, roughly
approximated by the variablg While this model does not allow for external ificdtions, mid time
stream, to the parameter or variable values, tha$ dot mean that such modifications are not plassib

This chapter advances our understanding of theepsas by which society chooses both the
economic and environmental outcomes that they fiueswith. It does so by expanding the traditidyal
simple models to include a new alternative in comstion, one that is a substitute, although impeyfiec
direct abatement efforts. In addition, it enligigeus as to how changes in parameter values mifglat a
the complex economic and environmental systemspttwatuce real-world results. Efforts by many temal
society’'s preferences for environmental quality éhdoeen successful in recent years, although tlsere i
reason to suspect (as described by some EKC résegy¢hat much of the perceived change in prefeen
may be merely a change in budgetary constraintschvim turn allow for greater leeway to pursue
environmental preferences which may have alwaystexibut which took the proverbial “back seat” to
economic concerns.

More to the point, these efforts have costs, ad aslenvironmental benefits, and this chapter
illustrates that our intuitive assumptions regagdivhich parameters are important in achieving
environmental improvements may be too narrow. dyddiecisions regarding the environment should be
made from an educated perspective, and that ingladaunderstanding of all possible routes to olitaen
desired goal. The results of this chapter showttiere may be previously unemphasized routesheke
routes can achieve desired results without the paditical and economic costs that can accompamsent
policy debates over the environment, perhaps enwiemtal quality can be more readily and more

affordably obtained.
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CHAPTER 5

CONCLUSIONS

EKC literature is extensive and multifaceted, stgrtvith simple econometric models that offered
the first insights into the possibility of an EKCrhose initial studies have given rise to a widegeaof
theoretical models, static and dynamic, coveringrghing from household consumption/pollution clesic
to international trade and its impact on local ghabal pollution levels. The initial studies haalso given
rise to an even wider range of empirical modekstjrig the significance of not only the regress@sdubut
also the empirical methods employed. Time senssss-sectional studies, and panel data have efi be
utilized in the search for an answer to the quastib whether and how economic growth might be
beneficial to the environment. Sadly, in the 24rgesince the initial wave of EKC papers, no cosgen
has been reached, and many EKC researchers agpwaraed that no consensus is possible.

EKC theory holds the promise of being more thametyea theoretical puzzle suitable for debate
in the halls of academia. If traditional EKC thgothe modified EKC of Stern (2004), or any numbér
alternate theories that have arisen from EKC thewmeycorrect, then there is potential to achieeaigr
environmental quality while maintaining or improgireconomic conditions for the world’s populations.
The ongoing debate has led to a more rigorous Ggifin of econometric tools to ever-broadening data
sets, and has stretched the intellect of interestedomists to investigate the various circumstamdgch
might give rise to an EKC. That debate proceede@pcontinuing to yield greater insights, and looges
that the elusive consensus is still possible.

One thing has been largely missing from the dellaieever, close scrutiny of the assumptions
that have been commonly used to describe the liledgtion of economic and environmental systems to
changes in various parameters. Differences eristden pollutants and between countries. It isiptes
that, within a complex system, the impact of pat@mehange will vary depending upon the starting
values. Far too often that possibility is not exgsly considered, yet the possibility that therey ina
significant differences in the parameter values rhajp explain why researchers arrive at different
outcomes under reasonably similar circumstanceis plossible that a consensus has been elusieibec

EKC researchers have not been working from the stangng point.
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This research has as its primary purpose to shewecessity of taking greater care in assuming
the universality of common assumptions within tlmtext of a complex system. Subordinate to that
purpose, but still important, is to show that emiss can be reduced and the environment improved
through changes to parameters that do not appe#ineosurface to be directly linked to environmental
quality. Within the simple model of Chapter 3 uitibn was shown to be an imperfect tool in pradgt
the reaction of the system to a change in suchnmteas as technology, abatement cost, and societal
preferences. The introduction of a more compltatedel in Chapter 4 illustrated that certain stegs
be taken to improve our understanding of the likelgctions. An EKC was present, to a greater saele
extent, in each simulation. More important thamretyeproviding support for the traditional quadcaibrm
of the EKC, however, this research shows how ingmtrit is for society to understand the conditiander
which it operates. Society is much more likelyathieve environmental quality in all circumstanidds
can better understand the likely reactions to chamg production or abatement technology, or inetg's
preferences for consumption and a clean environment

This research is not intended as any form of fawaswer, but rather to focus attention on a
previously unheralded area of EKC research. Aigpoirtant, it offers strong advice to societies wiish
to improve their environmental quality and to ursiend their own circumstances before assuming that
what worked for other countries will necessarilyrkvdf applied universally. Technologies will diffe
across countries and,possibly,even intranatioredhpss regions. So, too, will the assimilativeacdipes
of various ecosystems, especially as they intevitbt different forms of pollution. These differeag may
be substantial obstacles in achieving the desinwitamental improvements if a country simply madel
its programs after the successful programs of amatbuntry without conducting further analysis.

A consensus as to the validity of EKC theory mayfhr into the future, but further progress
towards that consensus can be facilitated as caradidn is given to the principles stated in tlasearch,
that seeming opposite results may not be the re$ukilure on the part of one or other researchet,
rather differences in the parameter values assatigith the particular pollutant, country, or ragioeing
analyzed. EKC models will, and should, become dasingly complex, further incorporating the

complexities of trade, or even non-optimality. Asese complexities are added, it will also further
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complicate an understanding of how parameter chamgects predicted outcomes. However, if given
serious consideration, it should be possible, witte, to identify ranges over which general assiongt

are applicable, and more useful policy recommendativill then be possible.
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