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1992 49 103 161 231 A7 443 593 801 | 1147 | 2170 604
1993 53 127 185 228 300 388 533 655 957 | 2067 550
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6) Gr=C(p)+af{Cs(p)+ n(p)+ t[D(p)- (1- §)S- 6S]}.
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1 (first order condition) @ 5)
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Harrison and Kreps(1979) Equivalent Martingale Measure
(EMM) (mathematical
financial economics) . EMM

EMM

(partial differential equation)

(risk-neutral measure)

M anski (1975)
(stochastic structure)
(simulation)
, McFadden
(1989) (method of moments)
(moments)

(empirical approximation)

Simulated Maximum Likelihood(SML), Method of Simulated Scores
(MSS), Efficient Method of Moments, Method of Simulated Moments(MSM)

Christensen and Kiefer (2000) EMM

(volatility)
, Park (2000) Christensen and
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Kiefer (2000)
(consistency) (asymptotic normality)
(volatility) ,
1)

(Ait- Sahalia(1996), Lo(1986), Renault(1997)).

(input)

. Christensen and Kiefer (2000)

(Generalized Method of
Moments : GMM)
( ) EMM

GMM (moment condition)

(stochastic structure)

1) , (geometric Brownian motion) Black-
Scholes , (square-root Brownian motion)
Cox-Ingersoll- Ross
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MSM

(foreign currency options) . ,

EMM
(volatility)
. EMM
EMM
(implication)
(hedge)
1 (”Sk'
free interest rate) (dividend yidd)
(Jarrow
and T urnbull (2000)).
(transaction costs), (differential taxes),

(credit constraints)
(no default), (price taker)

, (continuous time)
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(arbitrage)
(risk-free asset) 2)
B = exp(rqt),B = exp(rit) (2.1
Iy , T , t
, B B 3. (21
, F
(stochastic differential equation)
dF = p(F, t)dt+ o(F{, t)d W, (2.2)
(22) ©(Fi,t) (drift-
function),s (F, t) (volatility
function diffusion function), w, (complete probability
space) (@, 7,P) (adapted) (Brownian
motion) 4. t
F : Ll
2) , 0 money market account t
3)
4) . (22) (technical conditions)

Duffie(1996)  Park (2000)
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F = Bd1=exp((rf- ratF ) (23)
t
F L
Iy
(hedge)
B'F,
) EMM
. Ito (Ito's Lemma) F .
dF (= [(r- roF i+ e " F Lodts e TG F L hd W,
=¢( F(,)dt+w( F,,)dW , (24)
(24)
_ Q(Fut)
7t= w(Ft,t) (25)
5), Girsanov
P EMM Q
P Q Radon-Nykodime
P ep (- [ ydw- L% (26)
dQ ~ p( Jo 7t t 2J071) :

5)

Duffie(1966)

Park (2000)



t
(stochastic process) W,= W, + Jfo 7sds

Q (24)
F: Q (martingale)
dF 1= a(F,, dt+ o(F O[dW;- 7.dt]= a(F,t)dW,
(discount) Q
EMM (28)
dF = p#(F, t)dt+ o(F, t)[dW,- 7.df]
=(ryg- r)F,dt+ o(F,, t)dW,;
(22) (28) (22)
(28) (dynamic structure)
(28)
(volatility function)
function) (28)
T (>t)
C:
e r gt c,
e " c. EMM
C. a(F.)

(2.9)

ot
C=¢e "E[e

T F D)= expl- ry(z- HIE Ja( F )]
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(26)

27)

(28)

(drift

9(F:)

(2.9)



T K
(call options) (put options)
C,= exp[- rq(z- H]E [max (F,- K),0] (2.10)
C.= exp[- rq(z- D]E max (K- F,).0] (2.12)

Christensen and Kiefer (2000)  Park (2000)
Empirical Equivalent Martingale Measure(EEMM)

EEMM (29) GMM
h : (mispricing)
(error term)
hi(6)= Ci- expl[- ra(z- HIE ¥?[g( F )] 3.1
Q (Rx1 0 (parameterize)

JE L h(89]=0.

6+ 6, E P[ h,(8)]%0

EMM Q
3.1) GMM

E fg( F I
6)
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(28) EMM

g(-)
(law of large numbers)
3.1)
h (0= Ci- expl- ry(- D5 2 9(F :"(6 F ) (32
(28)
M . (32
(product measure) (Px Q) 0, 0
(identification) (information set) 7,
(measurable variables)  (gx 1) z,
(32)
f{(H=h (O z, (33)
0= 1 2f (0= 3 2h (02, (34)
R) (@) (34)
0 : GMM
0 = arg min geof T(O)' A+ (0 (35)

A A (g% q) . Park (2000)
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A Hansen(1982) EEMM 6
(asymptotic distribution)
VT (6 - 6,) ¢ @ Wl)(o' 1 '0)"Y) (36)
_ 1 sh et 2
D=+ ZIT, = lim Var [T 2 I:lft( 60)]
7). (36) ,
T
M
M— o
(computational burden)
A+
Andrews(1991) HA C(heteroskedasticity - autocorrelation
consistent) n 8). Aq
(35) g
(35)
(36) (specifi-
cation test)
Qr=T[f (8)A% (6)]~ 2*(a- R) (37)
. 1 wqt
@7  AL= [(1+V)n ]
7) 1(65)= hi(6) Xz
(3.2
Park (2000)
8) HAC Park (2000)
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(2.2)
(volatility function)

(extended constant

easticity of variance :ECEV)
dF (= u(F, t)dt+ [a¢F (+ BF {]d W, (38)

(38) B=0,y=1 Black and Scholes(1973)

(geometric Brownian motion : GBM)
, a=0,y=0 (arithmatic Brownian motion :
ABM) . , a=0 (constant

easticity of variance: CEV)

(drift function)

(38)
. EMM
( ) EMM (28)
Euler (Euler approximation)
P =F
o e ) VR ) )
i=1,2,- - -,N e:~N(0,D 9), &

9)



88

N
(28)
(36)
(stationary)
(non- stationary)
10), : (3.2
k1(0)
r -t F *Tn: 6; F1
kt(e):TCI e ruter L mﬁilg( F(I ) (39)

(instrumental variables)

(<))
(Fae- Tad

(re - oo

10) (unit root)
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(Philaddphia Stock Exchange: PHLX) 1982

PHLX
, 1994 11
(United Currency Options Market)
PHLX 3,6 ,9 ,12 9
(expiration date)
(settlement
date)
62,500
100 1
1988 1 1997 12 10 PHLX

(strike price)

(nearest-to-the-money)
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NTM
NTM
1 (one
month inter-bank loan rate)
)
1
, 1
< 1>
CD DM JY SF UpP
-0.0008 -0.0007 0.0000 -0.0006 -0.0008
00144 0.0344 0.0366 0.0360 0.0332
-0.0062 0.1200 0.2467 0.1100 -0.0474
0.3652 05730 1.1106 0.0498 2.2666
0.9302 0.9791 1.1951 1.7959 1.2889
14796 18301 28712 56491 28615
23957 29429 42672 78170 3.7993
8.3652 11.2785 234083 72.6966 18589
0.9001 10383 14259 0.5955 2.1811
15004 1.8388 3.1468 84872 15.9328
21212 25132 43471 85634 10.7711
74110 75343 243032 89.8488 116.9546
-00126 -0.0024 0.0226 0.0089 -0.0313
0.0213 0.0315 0.0250 0.0299 0.0246
04110 -05439 -0.2421 -0.2877 -0.3746
0.3979 1.0689 14623 1.1464 13464
:1. CD: , DM : ,JY , SF: , UP:
2. =Skewness, =Kurtosis



(descriptive statistics) <
< 1>

(moments)

pirical density function)

(density)

) 118%(UP

1>

91

(default)

(random walk)

(em-
(skewnss)

(kurtosis)

- 40%(SF
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< 1> (rac- I

. 1988 1997 10

(38)

(geometric Brownian motion : GBM) ,

(arithmatic Brownian moation : ABM)
(constant elasticity of variance:CEV) ,
constant easticity of variance : ECEV)
EEMM

M 1, 10, 100

10 - (standard error)

(extended
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EEMM
< 2>
[ ﬂ Y Q T a ﬂ Y Q T
M=1 N 1374 a2 1660
(658E-3) (B2E-3)
GBM | M=10 0a302 1230 000 1279
(171E-3) (B2E-3)
M =100 N 1268 0069 10.12
(105-E3) (L2E-3)
M=l 0019 1264 00218 145
(457-E3) (408E-3)
ABM | M=10 0018 »s 001% 1137
(13BE-3) (145E-3)
M =100 0019 1255 002 1066
(105-E3) (155E-3)
0399 0347 1
M=l 0039 09529 1153 0034 09535 0%
004D (0.1929) (00712) (04017)
I I 0531
av | M=o 00387 0959 040 00349 093 9%
0m12) (022147) (0035)  (0.1778)
I Y4 0372 0531
M =100 0086 0% 1042 08T, 0953 960
(0015) (0088R) (00176) (0.090)
M=l 02439 -01I/0 06341 760 02534 -01645 0510 71
(00865) (008%5) (0.8934) (0072) (0070) (0.1663)
EEv | M=10 02361 -01/06 0634 27 024% -0.1779 0558 452
00BX) (0050) (06232 (005x) (00508) (0.1216)
M =100 02118 -0.1478 06287 764 023838 -01065 054 453
(0085) (00597) (0.127) (00676) (00662 (0.1535)
1L (standard error) .

2. GBM :geometric Brownian mation, ABM :arithmatic Brownian motion, CEV :

constant

variance.

3. x

3(ECEV)

, 5%

(degrees of freedom)
(critical value)

easticity of variance, ECEV : extended constant

elasticity of

5(GBM, ABM), 4(CEV),
11.1, 949, 781
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(initia value)

(degress of freedom)

2

X
ABM, CEV M

CEV M

, CEV  ECEV
’ Q T
GBM ABM

10

(instruments)

10% 1) S&P 500

11) , GBM

(computer resources)
(agorithm)

(computationaly cheap) M =1
3.7) Qr
5(GBM, ABM), 4(CEV), 3(ECEV)
GBM,
5%

GBM, ABM

ECEV M

(S&P 500 Index) 30%

v 0.03x0.03x12=0.1
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12) C S&P 500

, (theoretical rigor)

1 (one factor modd) 1
1
(hedge)
(redundant security) . ,
C ) :
(market participants) (possibility of mispricing),
(measurement errors)
13) ,
12) Bates(1996)
S&P 500 30%
Park (2000) 1988 1997 S&P 500

30%
13)
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< 3>
< 3>
model)

10%

14)

5%

ECEV

ECEV

9%H%

M =100

Cox, Ingersoll and Ross(1985)

B%

14)

(square root process
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3>
a B Y Q a B 4 Qr
GBM G(?;Elfi) 1035 ( 4%%51%43) 15.14
00121 00112
o ABM 605011E4'63) . 1297 (362;1 3) - 2474
v (3555-3) (021064) 3 (6.é4E-3) (022533) 816
EEV | oo omm 0o 7 | ooen ooty oz P
0.0017 00016
¥ ABM (](_;E;_z 4 - 1571 (366(;5'3 2) - 966
v (6.61E-4) (021373) 221 (4.535-4) (021637) &
R oo oo 0xm 2 | omy omm oz O
GBM (fgi??’) 782 ( fﬁfs) 10.0
00239 0020
v (0:055) (0:%43) 944 (020174) (0:1410) 8%2
ERV | oo oo 0Bg O | oomy comy omm  OF
GBM (](.11(6);]?3) 917 (3?%?;7_5 3) 1341
0.0487 00463
v (020042) (o:nﬁe) 8% (020034) (o:ugs) 8%
EEV | oo oo x| oo oamy ome B

(standard error)

. GBM : geometric Brownian mation, ABM : arithmatic Brownian motion, CEV :

constant easticity of variance, ECEV :extended constant easticity of variance.

. CD:

- Qr
3(ECEV)

Xz

. 5%

N

, SF:

, UP:

(degrees of freedom) 5(GBM, ABM), 4(CEV),

(critical value)

111, 949, 781
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Christensen and Kiefer (2000)
(2000) EEMM PHLX

EEMM

(reliable)
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S&P 500

ECEV

Park
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The Environmental Kuznets Curve,
Sustainable Devdgoment, and
Pdicy Andyss fa the Sodd Qatimnum

environmental Kuznets curve
. , (endogenous growth
model) (dynamic analysis)
(sustainable development)
: (general
equilibrium analysis) , (externality)
(socially optimal)

. Introduction

Investigating the potential conflict between economic growth and environ-
mental quality will provide important implications for the optimal strategic
policies with respect to economic growth and pollution control. Developed

countries that are currently concerned about the long-run effects of enviro-
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nmental deterioration are seeking to enforce more and more stringent enviro-
nmental policies. On the contrary, less-developed countries that are concerned
with fast economic growth are likely to alow less stringent environmental
pdlicies. Installing pdlution abatement equipment and adopting clean technology
may be very costly for less-developed countries that are currently unable to
meet their desired level of investment in productive capital. Consequently,
forcing them to implement stricter environmental policies will be detrimental to
their economic growth because of the costs at the economy level.

Many papers in both theoretical and empirical research have addressed
different aspects of the rdationship between economic growth and enviro-
nmental degradation. Early studies on pallution problems placed emphasis on
measuring the impact of environmental regulation on the industry productivity
and competitiveness at the industry level. At the same time, these studies
motivated a further research investigating the long-run effect of the optimal
preservation of environmental quality on the per capita income or economic
growth at the economy level. A large body of work in the theoretica side of
this literature has employed neoclassical growth models to examine the link
between growth and the environment (eg., Forster (1972, 1973), Gifford (1973),
Gruver (1976), Stephens(1976), Tahvonen and Kuuluvainen(1993), Lépez(1994),
and Selden and Song(1995)). Since these models are based on the assumption
of exogenously determined growth and ignore that growth is endogenous to the
economy, the typical results stress the negative relationship between the
environmental quality and economic growth. Furthermore, because the change
in environmental policy or the change in preference towards environmental
quality does not affect the long—run growth rate in neoclassical growth modes,
these models are not suitable to examine whether or not growth can be sus-
tained with the maintenance of environmenta quality. On the other hand, many

studies that have made contributions to the advent of new growth theory
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identified the key determinants of long-run growth that are endogenous to the
economy, but they ignored the environmenta externalities (e.g., Romer (1936,
1990), Lucas(1988), Barro(1990), and Rebelo(1991)).

If we turn our attention to the empirica side of this literature, Shafik and
Bandyopadhyay (1992), Grossman and Krueger (1993, 1995), and many other
papers have investigated the relationship between economic growth and
pollution by using both cross-sectional and time-series data since the early
1990s. Most interestingly, substantial evidence has shown that there is an
inverted U-shaped relationship between per capita income and pollution levels.
Empirical evidence of such relationship, which is often called the environmental
Kuznets curve’ in the literature, suggests that economic growth might bring
damage or remedy to environmental quality, depending on the current stage of
economic growth. However, they do not provide a theoretical basis that explains
why poallution follows such a pattern along the growth path. This is a major
limitation of their studies because their interesting results are not derived from
theoretical models but from the reduced-form regressions of pollution on per
capita income and other related variables.

The main purpose of this paper is to study the interaction between economic
growth and the environment by developing a simple theoretical model that is
consistent with empirically confirmed evidence of inverted U—shaped relation—
ship between growth and pollution. Thus, we try to provide a theoretical basis
to explain why pollution follows such an inverted-U pattern with respect to
income.

If one of the important objectives for the study of economic growth is to
explore its implication on welfare, then there is also a strong mativation for
investigating the interaction between growth and the environment because the
environment affects welfare in both direct and indirect ways. Since we are

concerned about the long-run effect of environmental externalities on welfare,
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we incorporate the issue of sustainable development into our modd. T he World
Commission on the Environment and Development(1987) (the ‘Brundtland’

”n

Commission) defined the term “sustainable development”™ as development that
meets the needs of present generation without compromising the ability of
future generations to meet their needs. We reinterpret the above definition of
sustainable development in general as development that takes into account the
welfare of future generations as well as that of present generation, which
depend not only on the consumption of produced goods but also on the envi-
ronmental quality as a public consumption good. Although there is no working
definition of sustainable development to use in an analytical framework, we
follow Byrne(1997) and Aghion and Howitt(1998) in the sense that the long-
run growth of instantaneous utility could be an appropriate measure of
sustainable development. Thus, our objectives for investigating the interaction
between economic growth and the environment are not only to provide a
theoretical basis for the empirical evidence, but also to explore the long—run
growth implications in the presence of pollution.

For the goa of our research, we are in need of modding the link between
growth and the environment in a framework of endogenous growth theory for
at least two reasons. First, endogenous growth models are more suitable to
analyze the interaction between growth and environment than are neoclassical
models, because we are also concerned about the central question addressed in
this literature—whether or not growth can be sustained with environmental
maintenance. Second, we need government intervention to internalize the
problem of environmenta externalities, so the treatment of environmental
problems could be more usefully analyzed in an endogenous growth modd in
which policy prescriptions affect the long-run growth paths and rates. T hus,
this paper also extends the recent use of endogenous growth models to address

the environmental issues.
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In this paper, we emphasize the role of human capital as an important source
of growth in the presence of pollution control. Because the process of human
capital accumulation can be interpreted as investment in education, training, or
advance in knowledge, it is clear that the process of producing human capital
is relatively less pollution-intensive than that of producing physical capital.
Thus, we assume that human capital accumulation does not generate pollution.
On the other hand, the production of physical capital generates pallution, but
physical capital is differentiated in terms of pollution intensities and costs so
that pollution can be controlled by the choice of differentiated physical capital
used in the fina output production.

Finaly, we study the issue of implementing the socia optimum in a
decentralized economy with government intervention. Specifically, we analyze
how the government should set the pollution tax for the equilibrium to be
Pareto-efficient. When we deal with the firm’s problem, we treat pollution as
a norma input of production in order to analyze the firm’s behavior on the

input mix between pollution and other conventional inputs.

. The Basic Model

A simple two-sector endogenous growth model is developed to investigate
the interactions between growth and environmenta degradation, and aso to
analy ze the long-run growth implication in the presence of pollution. T here are
two factors in the production side of the economy in this mode—physical and
human capital. The"“general” physical capital can be transformed into
infinitely many types of capital goods to be used in the fina output production,
which are differentiated in terms of pollution generating level and cost. With

an assumption of zero population growth, we normalize the fixed amount of



108

labor to one. Also, we assume that the worker is endowed with one unit of non
—leisure time that is devoted to final output production, and to human capital
accumulation, which is the engine of growth in the basic models of human
capital, as in Lucas(1988), Rebel0(1991), and Caballé and Santos(1993). Thus,
the final output is produced using both human capital and the differentiated
physical capital. Pollution is the undesirable but inevitable byproduct that is
generated in the process of final output production, and it has a negative impact

on the instantaneous utility.

1. Production

There are two-sectors in the production side of the economy. The first
sector produces a final output using two factors :a composite of differentiated
physical capital goods and a human capital. The final output can be either
consumed or invested for the purpose of accumulating general physical capital
that will be used to produce differentiated physical capital goods.

We assume that there are N identical workers and each worker is endowed
with one unit of non-leisure time, which is allocated between final output
production by the fraction 1-u and human capital accumulation by u, where u
is between 0 and 1. The level of human capital of each worker is denoted by
h. Since we assume that population growth is zero, we normalize the number
of workersto unity(i.e., N = 1) and deal with every variable as being measured
in per capita terms. Thus, the effective labor devoted to the final output
production is (1-ui-h and that to the human capital accumulation is u-h|.

Combined with human capital, differentiated physical capital is used to
produce the final output. The production technology using a composite of
differentiated physical capital goods is similar to that of Jones and Manudlli

(1995), while most of the other parts in their modd are quite different from
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ours. A composite physical capital good used as an input of final output
production can be composed of infinitely many capital goods differentiated in
terms of the marginal productivity and pollution generating levels, which are
perfect substitutes in production. T he differentiated physical capital goods are
made from the existing stock of general physical capital. In order to avoid a
trivial solution, it is necessary to assume some trade off between the economy’s
ability to produce more output and the choice to attain the cleaner environment
by polluting less. In this context, it is reasonable to assume that physical
capital goods that pollute less are more costly to produce. Thus, the firm’'s
choice of how much to sacrifice from the “potential” output — an output that
could be achieved by using the only “dirtiest” physical capital —for a cleaner
environment depends on the firm’s decision about which type(or types) of
differentiated physical capital good(s) to use in production. Hence depending
on the types of physical capital goods used in production, there is an infinite
set of production technologies, which results in the different output and
pollution levels.

The types of differentiated physical capital goods are indexed by z &[0.=)),
in such an order that higher indexed(i.e. the greater z) physical capital good
is less polluting but more costly to produce. Let p(z) = 1+z be the price of type
z physical capital, k(z), in terms of the amount of general physical capital
needed to produce one unit of type z physical capital. We note that since p(0)=1
(ie., the price of genera physical capital), and p(z) is increasing and convex
in z, it is more costly to use environmentally cleaner technology. In our model,
the choice of cleaner technology implies that more physica capital is used for

pollution abatementl). Therefore, given the existing stock of physical capital, a

1) Using a neoclassical growth model, Gruver(1976) studied the optimal division of
investment between pollution control capital and directly productive capital. He
derived the optimal investment pattern from the shadow prices of the two types
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productive physical capital that is equipped with self-cleaning or pollution-
abatement devices(e.g., mufflers for noise, bag houses for particulates, scrub-
bers, stacks, eectrostatic precipitators for air pollution, water treatment plants,
water recycling and conservation systems for water pallution, etc.) produces
less output than the one that is used for only production without pollution
abatement. Based on the price of each type physical capital good, the dif-
ferentiated physical capital goods can be produced from the existing stock of
general physica capital, k, according to the following constraint :

k = F". plzkizdz = I i1+ )kizde (2.2

Although many differentiated physical capital goods can be used in the
production of final output, only one type physical capital will be chosen a any
given point in time. For example, if the government regulates pollution directly
by setting the emission standard such that any physical capital of atype below
z>0 cannot be used, then only z type capital will be used by firms to maximize
the output, subject to the constraint on the available types of physical capital,
k(z), zelz.=). Assuming that only one type physical capital good is used in
production at timet, say k(z(t)), then from equation (2.1), the total amount of
a physical capital good of type z(t) is given as

r |

kiz(in = : |hu] (22)

o /[1.:1__.

of capital. In our moddl, there is no distinction between pollution control capital and
productive capital, and we do not focus on analyzing the optima investment
pattern between these two types of capital. However, our model implicitly assumes
that physical capital is used for pollution abatement by the choice of production
technology using a cleaner physical capital. A differentiated physical capital, which
is used in a production process in our mode, can be interpreted as the one
incorporating both pollution abatement capital and directly productive capital.
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where k(t) is the existing stock of general capital at time t. For analytical
convenience, we assume that we can produce any specific type of differentiated
physical capita good from general physical capital at any point in time with
no extra cost.

The fina output is produced using human capital and differentiated physical

capital, according to the following production function:

b

vty = k(O = ultnhi ) _| I J kO™ (0 = ut bty (2.3)
L1+ zit

O<a <1 atyz0,

where k(z(t)) is the differentiated physical capital of type z(t), and k(t) is the
stock of general physical capital at timet. A Cobb-Douglas relationship exists
between human capital and differentiated physical capital in the final output
production function given in (2.3). However, the differentiated physical capital
input is divided into two factors general physical capital, k(t), and the quality
level of differentiated physical capital, z(t). Therefore, the production tech-
nology exhibits constant returns to scale in human capital, h(t), and general
physical capital, k(t), but is decreasing in the quality level of differentiated
physical capital, z(t). This implies that given the existing stock of general
physical capital, using a cleaner physical capital in production reduces the
output level.

While a certain type of differentiated physical capital is used in production
of the final output, the produced output is used for the purpose of accumulating
general physical capital as well as consumption. Assuming that physical capital
doesn't depreciate, the stock of general physical capital, k(t), evolves according

to the following standard accumulation equation:

kM) =y() - c), 24)

where c(t) denotes consumption at time t.
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The second sector is an investment sector because the output is not used
for consumption but for the purpose of accumulating human capital, which aso
can be broadly interpreted as intellectual capital or technological knowledge.
Assuming that human capital does not depreciate, human capital is produced

using only human capital, according to the linear technology as in Lucas (1988):

|.1|;[ }= dultihit} (25)

where & =1 is a productivity parameter and u(t) is the fraction of one unit of
non-leisure time devoted to human capital accumulation at timet. Asin Lucas
(1988), Rebel0(1991), and Caballé and Santos(1993), human capital accumu-
lation increases effective labor, and a higher effective labor raises the produc-
tivity of physica capital. Also, an increase in human capita raises the worker’'s
wage per unit of time, which equals the marginal product of human capital in
the final output production, multiplied by the current level of human capital.
Because human capital accumulates through the process of education, training,
and research and development, the technology of human capital accumulation
is relatively clean compared to the production technology of final output. T hus,
we assume that the process of producing human capital does not generate
pollution at all, so pollution does not affect the marginal productivity of human

capital in its production.
2. Padllution

Since pallution?) can be defined as any stock or flow of physical substance

2) Here, we follow the definition of pollution by Keeler, Spence and Zeckhauser (1972,
1977). When pollution is more broadly defined, it is also referred to as the
extractive use of the environment, or the intense exploitation of the resource such
as deforestration (LOpez(1994), Bovenberg and Smulders (1995)).



The Enviramrentd Kuznds Qurve, Setdndde Devegarat, and Rdicy Ardlysis for the Sdd Qtimum 113

that impairs our physical or mental capacity to enjoy life—harms on human
health or damage to the amenity vaue of the environment —it enters the
instantaneous utility function with a negative marginal utility.

Pollution is assumed to have positive marginal product in the production side
because any increase in pollution allowed in the production process can release
resour ces from pallution abatement to produce more output3). Moreover, in the
absence of pollution control and pollution abatement efforts, potentia output of
the economy can be achieved by using the dirtiest technology (e.g., Copeland
and Taylor (1994), Jones and Manuelli(1995), and Stokey (1998)). In this sense,
pollution in the production side can be defined as a joint product or
“undesirable” but “inevitable” byproduct caused by final output production.
Also, because of the positive marginal productivity of pollution, some analytical
papers in this literature treat pollution as a normal input of production (eg.,
Pittman(1981), Tahvonen and Kuuluvainen(1993), L épez(1994), and Bovenberg
and Smulders(1995)).

Basically we assume that pollution is generated in the production process of
final output. In contrast with the previous studies dealing with pollution,
however, in which total pollution is simply proportiona to output(eg., Keeler
et a(1972), Gruver(1976), John and Pecchenino(1994), Ligthart and Ploeg
(1994), Copeland and Taylor(1994) and Elbasha and Roe(199%)), or to the
pollution—generating inputs(e.g., Forster(1972), Hung, Chang, and Blackburn
(1994), Selden and Song(1995), Jones and Maunelli(1995) and Byrne(1997)), we
make a distinction from those by assuming that pollution level depends on the
type of differentiated physical capital used in production and the production

technology as well as the output leve.

3) This may not be true when pollution has its impact as a stock on production.
Environmental degradation can affect individual wefare indirectly by reducing the
productivity in the respective industry.
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We assume that although human capital devoted to its own accumulation
does not generate pollution, human capital nevertheless generates pallution
when it participates in the final output production either by raising the
marginal productivities of other pollution-intensive inputs, or by increasing the
output level. Since we already assumed that al workers are identical, the
pollution generating level per effective labor is constant, so we normalize it to

one. On the other hand, the physical capital goods are differentiated in their
P + P

emission rates in production as stated earlier. Let q(z(t)) :|] : :
e8]

where

fi=1=ti=0  denote the pollution generating level per unit of type z(t) physical
capital used in production at timet. From the above expression of q(z(t)), we
see that q(0) =1, and q(z(t)) is decreasing and convex in z(t), so higher quality
physical capital generates less pollution per unit. Also, we assume that
pollution intensity of production differs depending on the share of using more
polluting inputs in the total cost of production, which can be represented by
the production technology parameter .

Therefore, the specification of pollution generating process is given by

5 i1}

J ko0 =uitnhin) ™ (26)

sty = (g tkez(tn) (0 = aitihi) ™ _:] | Ll_‘”
where x (t) is the pallution generated per individua production at timet. From
the above formulation, we see that pollution can be measured in the same units
of output. Our research objective is not to estimate the exact amount of
pollution in the correct measure of units, but to observe the change in pollution
level with respect to the change in other variables of the economy. Thus, we
will not be in pursuit of studying how to measure the pollution in both

quantitative and qualitative dimensions in this paper4).

4) See D’ Arge and Kogiku (1973) for the study on this matter.
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3. Preferences

There are many identical infinitely lived consumers. As we assumed before,
population growth is taken to be zero. The intertemporal utility of a represen—

tative consumer is defined as

j e " Uiel th xitydt 2.7)

where P represents the rate of time preference. U(c(t), x(t)) is the instanta—
neous utility function which represents an individual consumers preferences

over consumption and pollution at time t, and takes the following form :

ety ™ ity

DIe 0y, 5000 = we( ) — vix(i) = : o=l =1 d>0] (28)

L&) T

where v is increasing and concave in ¢, and v is increasing and convex in X,
ie, v'>0 uv'<0 v >0 and v'> 0. Since we assume that the utility
function is additively separable in consumption and pollution, an increase in
consumption will not affect the marginal disutility from pollution, and vice
versa(i.e, U« =0). Note that preferences expressed in the utility function in
(28) are non-homothetic®) in consumption and pollution. This is in contrast to
the previous studies in this literature in which preferences are assumed to be
homothetic(e.g., Bovenberg and Smulders(1995), Elbasha and Roe(1995, 1996),

and Byrne(1997)). The assumption of homothetic preferences implies unitary

5) Lépez (1994) assumed non-homothetic preferences in order to derive the inverted
U-shaped relationship between pollution and income using a neoclassica model.
Also, he assumed that the coefficient of relative risk aversion changes as income
level changes. He argued that if preferences are homothetic, the increase in output
will necessarily cause the level of pollution, even if optimally controlled, to
proportionally increase. However, non-homotheticity assumption can be a
necessary but not sufficient condition to derive the inverted U-shaped reationship
between pollution and income in our model.
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income easticity with respect to the environmental goods. In the early stage
of economic development, per capita income is relatively low and so is the
environmental cost of production, so people are concerned more about economic
growth than about environmental preservation. In this case, income and
pollution are likely to increase simultaneously. However, as a per capita income
level is increased, environmental quality will become a scarce and luxurious
good as a result of the bias toward growth. In this respect, the homotheticity
assumption may not be appropriate to represent our preferences toward
consumption and environmental quality as per capita income changes.

One more thing to note about the utility function given in (28) is that # can
be a function of population density. We are concerned about how the damage
caused by total pollution in the economy affects an individual consumer’s
utility. The impact of total pollution on individual's utility depends not only on
the pollution generated per individual but also on the population density. While
an individual generates pallution by participating in productive activities,
he she is also affected by the pallution generated by others of a certain local
community. As population density increases, individuals are harmed more by
pollution generated by others, and % will be greater6). However, since we
assume that the size of population, as a measure of the population density in

our model, is constant, # > 0is taken to be constant for analytical convenience.

6) In most of the papers in this literature, pollution enters the individual utility
function as a per capita term, which implicitly assumes that people are harmed by
their own pollution only. Furthermore, Copeland and Taylor(1994) assume that
population size will lessen the impact of total pollution on individual utility by
treating the population size as the physical size of the economy. However, if the
population size matters, we basically assume that the individual is affected by the
total amount of pollution that increases as more people participate in production in
a local area.
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4. Social Planners Problem

First, we study the interaction between pollution and growth as a social
planner’s problem. The socia planner will choose time paths for consumption,
c(t), quality of differentiated physical capital for pollution control, z(t), and a
fraction of non-leisure time devoted to human capital accumulation, u(t), to

maximize the lifetime utility of an infinitely lived representative individual :

o | BOEE) bty
max [ [ T ]dt (29)
st. J:;m = o (0K (Ol —utih() ™ —e(t)

J-un = du(tihit)

X (t)

o "k (OI0 - utih D)

mit)=

zZit=0 witi=1
# Zit), ! !

where the initial stocks of physical and human capital are given as k(0) = ko
and h(0) = ho, respectively.

. Transition of the Economy

Solving the first—order conditions with respect to the control variables ¢ and
o, and using Kuhn-T ucker condition associated with inequality condition of
we get the optimal paths of consumption and the quality of differentiated
physical capital over time as below:

c =1, (3.1)
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if A2 :F R (32a)

o=

T SR N SN Ceta-wey] 320)

where W is a predetermined function of the parameters of production

technology and preference, defined as ' = Equation (3.1) implies that

PP+ 1)
the marginal utility of consumption is equal to the shadow value of physical
capital al the time for the optimal path of consumption. However, equations
(3.2a) and (3.2b) imply that the optimal quality of differentiated physical capital
is divided into the corner and interior solutions depending on whether the
inequality constraint is binding or not. More specificaly, the optimal strategy
for pallution control, represented by o, depends on the leve of potential output,

defined as v, U=k ((1-u(tih(1))™ relative to the shadow value of physical
capital, *i(ty. It is clear from (3.1) that the shadow value of physical capital
falls if consumption rises over time:
Mo S <0 (33)
E C
In this case, there is a critical point of time in the evolution of *,, defined as
. I .. 1 . . .
t such that *,(t}= ;[k';ﬂ"l“ —u{T)th{T)) ] before which there is no pollution
control at all, and after which pollution should be optimally controlled. In other
words, if the economy’s current level of potential output is reatively low, it is
optimal not to control pollution but to usethe dirtiest physical capital to maximize
output. However, if the potential output grows enough to reach the critical
level of output, defined as i.';lfl-';l|ﬁ-;i1':‘."’-', it is optimal to control pollution
by using the cleaner physical capital in the final output production at the cost

of fewer output produced. Hence the economy has a transition from the initial
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stage of economic growth in which @ =1}, to the subsequent stage in which @ <1].

. Asymptotic Long-Run Growth Path

In the long run the economy asymptotically approaches to the steady—state
growth path?) along which all endogenous variables grow at constant rates. In
this section, we focus on analyzing the asymptotic steady—state growth path
rather than the transition, in order to investigate the long—run growth impli-
cations in the presence of pollution. Let g, denote the asymptotic long—run
growth rate of n, where n =k, y, ¢, h, , and x. The common growth rate of
physical capital, output, and consumption along the asymptotic steady-state
growth path is

O« =0 =0 = —l—-iﬁ—m @4.2)

o+ )

here 8=
where =i ot by

> 0, and the growth rate of human capital stock along the

long-run steady-state growth path is
gh = (1+8, = |]—|I+-|m P> gy 4.2)

We assume that &=p which is a necessary and sufficient condition for growth

to be sustainable in a standard model of human capital in which there is no

7) Since some authors in the literature of economic growth defined the term “balanced
growth path” as a path along which all non-stationary variables are growing at
a common, constant rate (e.g., Romer(1990), Victor, Chang and Blackburn(1994),
Stokey (1998)), we use the more general term “steady-state growth path”to
describe a path with constant (not necessarily the same and possibly zero) rates
of growth in the stock and control variables of the model.
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consideration of environmental externalities. The assumption of é=p is also
necessary in this mode for making the production technology of human capita
productive enough to avoid a corner solution with no human capital accumu-
lation and no growth in both output and pollution. Because & > 0,human capital
grows faster than physica capital, output, and consumption. If we do not take
into account the environmental externalities in this model, output, consumption,

physical capital, and human capital all would grow at the common rate of

L. . . . .
—(&-p) Hence, with the presence of environmental considerations, output,

consumption, and physical capital stock grow slower than those in the model
with no pallution. However, the comparison of the growth rate of human
capital between two models depends on the vaue of «. If a>1 (1> o> 0),
human capital grows faster (slower) in the modd with environmental
considerations than in the modd without pollution, and if @ =1, the growth
rates of human capital in the two models are the same.

Along the asymptotic long-run growth path after the potential output level
begins to exceed the critical level, the quality of differentiated physical capital
improves at the rate.

g, = |.H_ﬁ le, = [Lo=2 | 2=p]

L oty

< 0. 43)

. g fa+d)

Intuitively, the question of whether or not growth is sustainable is related
to the behavior of the real rate of return on physica capital. Using the first—
order condition with respect to consumption (3.1) and the Euler equation for *,
(shadow value of physica capital), consumption growth can be expressed as

¢ 1 |( wfh 3 -\| 1
¢ olfi+lk I ) o

h,

({1 =uph Ve

o ™ J [}:| (4 4)

e

refi )

p+1)

by . .
where the term I:—IIL— is the social marginal product of physical capital,



The BEnviramrentd Kuznds Qurve, Setdnddle Develqarett, and Rdicy Ardlysis far the Sidd Qtimum 121

which can be interpreted as the net gain in utility from an additional unit of
physical capital. Measured in terms of marginal utility of consumption, the
term represents the difference between additional utility from increased output
for consumption and the decrease in utility due to increased pollution, both
caused by an additional unit of physical capital. Hence, the real rate of return
on physica capital is

LT
ok X ok of y

AU T B+Ik
o

(of ) L (1-wh)
S o |m |

BT L X

r= @45)

The essential feature to note in equation (45) is that k(t) and y(t) grow at
the same rate along the asymptotic steady-state growth path so that the real
rate of return to physical capital could remain constant indefinitely in the long
run. This is only possible because human capital accumulates faster than

physical capital by just enough to compensate for the fall in = aong the

asymptotic long-run growth path, ie., 2, =g I| I—r-il—xg.=] _Thus, consumption
in (44) can grow at a constant rate as long as the real rate of return to
physical capital remains constant and is greater than the rate of time
preference. This result of sustained growth in the presence of an environmental
externality is contrasted with the AK mode with pollution, developed by
Stokey (1998). In her model, growth is not sustainable because the stricter
emission standard reduces the real rate of return on physica capital below the
rate needed for sustained growth. The mgor reason for the difference from
Stokey's(1998) mode in the sustainability of growth is that we make
distinction between physical and human capital in terms of pollution generating
levelsin their own production processes. According to the AK approach in the
presence of pollution, the optimal quality of differentiated physical capital

improves as output level increases, which implies that we need more physica
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capital to produce the same unit of output as the cost of reducing pollution.
Hence, the social marginal product of physical capital eventually declines below
the rate of time preference in the presence of the optimal pollution control. In
this model, by contrast, because the technology of producing human capital is
clean and does not generate pollution, the presence of pollution does not reduce
the social marginal product of human capital. Furthermore, the social marginal
product of physical capital can remain constant as long as human capital grows
faster than physical capital, and it has a positive effect on the marginal product
of physical capital to offset the cost of using more physical capital for pollution

control.

. Inverted U- Shaped Relationship between
Pollution and Income

Now we investigate the dynamic behavior of pollution. The asymptotic long—

run growth rate of pollution is given as

<8y, (5.1

When it is not optima to control pollution in the early stage of economic
development, @ is constant (i.e., m =1) and pollution grows at the same rate as
output. The growth rate of pollution along the asymptotic steady—state growth
path critically depends on the value of @. If 0< @ < 1, pollution grows at a
constant (positive) rate but slower than output because we assume that ¥ > 1.
Pollution remains unchanged if = =1, and declines if = > 1 along the asymptotic
long-run growth path. Hence, if the condition of =>1 is satisfied, this mode

yields the consistent result with empirically confirmed evidence of an inverted
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U-shaped pattern of pollution with respect to income. Moreover, if the
condition of => 1 holds, it is sufficient for the transversality conditions for
physical and human capital to be satisfied, and this condition also guarantees
that the long—run growth path of the economy is at least locally stabled).

. Sustainable Development

Although there is no working definition of sustainable development to use
in an analytical framework, we follow Byrne (1997) and Aghion and Howitt
(1998) in the sense that the long-run growth of utility could be an appropriate
measure of sustainable development. Therefore, in this section, we analyze the
long-run growth of instantaneous utility as an index of sustainable
deveopment, which incorporates the growth rates of both consumption and
pollution. Differentiating the instantaneous utility function U=U(c, x) with

respect to time yields the growth of instantaneous utility over time as

J: (6.1)

b

. .- U fUeYe [(Ux
U=U,e+U, x O _=(_~ t+| x
: ’ U Uje \ U

Because U. > 0 and Ux < 0, instantaneous utility grows over time if ¢ - and
':;r.[_ﬁ(tr:fl), or if Ux is not too large to be greater than U, ¢/% in the absolute
values when « > (7=1), which implies that U > 0. Along the asymptatic long

—run growth path, the instantaneous utility grows at the rate

_ | Uel +[l}~.\; " |-
=1y AT o)

2, ={1-a)g, 6.2)

Hence, the social utility grows at a constant rate along the asymptotic long-

8) The transversality conditions for physical and human capital hold if 1 —Tlg, <p|
which is satisfied if @=1], or if 0 <a<land g, <pfil-a1,
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run growth path except when «=1. If @#=1 for the case of logarithmic utility
function of consumption, the asymptotic growth rate of the instantaneous utility
is zero. As the growth rate of output in the absence of environmental
considerations is greater than that in the presence of pollution, the same holds
for the utility growth rate9. Although the pollution level increases if 0 <o <1,
or declines if => 1, along the asymptotic long-run growth path, the social
utility increases in both cases. In case of U<a <1, gu is positive so that [1>0
and U>0. In case of @>1, both U < 0 and gv < 0 hold, implying that 11 >0.
Hence, the instantaneous utility as a measure of the standard of living affected
by environmental quality as well as consumption improves over time, and
consumers become better off along the asymptotic long—run growth path.
Moreover, as @ becomes larger, pollution declines faster and social utility
improves at a higher rate. Hence, utility growth can be sustained regardiess
of the magnitude of @ as long as @ = 1. Sustained growth of social utility or
sustainable development is possible due to the fact that when pollution is linked
with output growth, the social planner chooses the cleaner production
technology by allocating resources to internalize the negative externalities.
When pollution does affect utility, the utility growth in a decentralized economy
cannot be the same as that obtained by the socia planner's optimal solutions,
which we will also investigate later. Some previous studies in this literature
often argue that a possible path for sustainable development with the
maintenance of environmental quality is no economic growth. This model
shows that the growth of social utility as an index of sustainable development
can be sustained with an optimal control of pollution when the important

sources of growth are not affected by the presence of pollution.

9) The growth rate of utility in the absence of pollution is (1-@l2; where &, is
the growth rate of output in a standard human capital modd with no pollution.
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. Policy Analysis for the Social Optimum:
Pollution T ax

So far, we have studied the issue of economic growth and pallution in the
context of socia planner’s problem. We characterized the optima dynamic
behaviors of consumption, saving, the allocation of non-leisure time between
two sectors, and pollution during the transition and aong the asymptotic long-
run growth path.

However, without government intervention, the decentralized economy
generally suffers from a market failure associated with the negative externality
of pollution. Although consumers benefit from better environmental quality,
there is generally no market for environmental quality or pollution. Consumers
take the pollution level as given while they make decisions on consumption,
saving, and the allocation of their labor between additions to human capital and
final goods production. Producers, on the other hand, would face no cost at all
for pollution, but only a benefit from producing more output with more
pollution input. In the absence of government regulation of pollution, a cleaner
technology can be chosen at the expense of fewer goods produced. T herefore,
the producers will always choose the dirtiest technology to maximize their
output and profit.

Therefore, we introduce the governments role in order to study the issue of
implementing the social optimum in a decentralized economy. In particular, we
analyze how the government set the pollution tax to implement a social

optimum through market mechanism.
Let ko, ho > 0 be given, and let {c'(t), @ (t), u'(t), k'), h'(t), %, (t), ko (1)),
Lz} be the optima paths for consumption and others, which are found by

solving the social planner’s problem. Also, let x” (t)=m (1"* "k () {1 —u ttyih )
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be the optimal path of pollution. Suppose the government wants to implement
the social optimum by imposing a pollution tax, Tt!, to firms. We assume that
the households (consumers) and firms (producers) are the same as before.

1. The Representative Household’s Problem

Each household owns physical and human capital, and one unit of non-
leisure time. The household takes as given the rates of return on physical and
human capital, r(t) and w(t), respectively. T he househadd receives renta income,
r(t)k(t), by renting physical capital to firms. Also, the household with human
capital h(t) recelves wage income, w (t)(1-u(t))h(t), by devoting the fraction, (1
-u(t)), of non-leisure time to production. Although the pollution leve, x(t),
varies over time by the firms decision under government regulation, the
household takes the pallution level as given. We assume that government
returns the pollution tax revenue, R(t) = =til} to the household as a lump
sum subsidy. The lump sum subsidy from government, R(t), which is a part
of households income, is aso taken as given by the household. Given the
households income, r(t)k(t)+wt)(l-u))h(t)+R(), the household makes
decisions on consumption, saving (physical capital accumulation), and the
allocation of non-leisure time between two sectors to maximize the lifetime
utility .

So the representative household’s problem is

et gy )
max I- e ¢ dt (7.2)

| I —0 '_"
St. K=kt + with L - uit i O+ Bith- i),
hity=duitihit).

where k(0) =ko > 0, h(0) =ho > 0 are given, and the household take as given
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rt), w(t), R{t), and x(t).
The current value Hamiltonian for the representative households problem is

' (e £+}_I{r]., +w(l-wh+R-¢)+ % duh (72)

|- L ’

where A1 and A: denote the costate variables associated with physical and
human capital, respectively.
The first—order conditions with respect to ¢ and u and the Euler equations

for A1 and X. are as below :

fH

T D= 7= ;’, (73)

e ,

Eii == h,w = k.0 op =V\;T<3ﬁ S (74)

L1 & "'I Al

P _

M=phy = =3 Sprl (75)
X K ,

= =p-d 76)

#en

Comparing these conditions for a maximum in a decentralized economy with
those for the social planners problem, we see that the optimum can be
implemented if and only if the paths for A:, A2, and hence for consumption are
identical with the optimal ones. If we assume that al the variables except R(t)
start at the same levels as those in the social planner’s problem, then the
growth rate and the time path of A. are the same as those obtained from the
socia planners problem. In the social planner’s problem, the Euler equation for

A is
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5 |-
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(7.7)

where al notations are the same as before; « and F and are parameters of
_ l
i+,

production technology and pollution function, respectively, W
|

B -1

that is used by firms, and the optimal value of @ in the social planners problem

> 0. Also, m is a quality index of differentiated physical capital
is given as

I if %2 ] [L"{[] wih )™ ]r g
'Lll'

i[-p.'r.l[k"rhl uih) ]] }“ i s : [h'"[q] uwih)' T]" ;

iy

[c1]

(7.8)

Thus, the path for 1. in (75) matches with the optimal one if and only if
the equilibrium rental rate on physical capital, r'(t), should satisfy

" - e
b, (1) . Wiz i
‘m{ ot I ] - {k ()" h, ()" ] " ite (=1,
Tty

kit ) L B+, (O ] (7.9)

F 5 1
5| h, (O . -
‘ Ill l | et ife (D],

Bel| K'(1) |

where h, (ti={l-u(h’(1) and w’it) is the optimal value given in (7.8). In

this case, the equilibrium rate of return on human capital is determined as

wo(t) = 5ot (7.10)

Ay (1.
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The fraction, u’ (t), of non—leisure time devoted to human capital accumula—
tion is automatically determined0) if h," (t) and the growth rate of h,"(t) (and
h'(t)) are determined by solving the firms problem.

2. The Representative Firm’s Problem

Now we turn to the firm’s problem to solve for the competitive equilibrium.
The representative firm’s problem is to maximize profit at each point of time
t, taking as given the rental rates of physical and human capital, r(t), w(t), and
the pollution tax, =t
As before, physical capital is differentiated into infinitely many physical capital
goods in terms of productivity and pollution-generating level. Since government
regulation through pollution tax restricts the use of lower quality but more
productive physical capital, more physical capital is needed to produce the same
amount of output with less pollution. T herefore, the firm’s problem is a static
one to choose its input levels, k and hy, and the type of differentiated physical

capital, w, to maximize profit at any given point of time as below :
max =(wk)*h," ™ - |tk + wh, + r{lm“-:mk:l‘.-" ]1:_I rl:'] (7.11)
st. @@=l
In effect, the firm’s choice of the type of differentiated physical capital is
essentially the same as that of how much pollution to emit in the production

process. Thus, for analytical convenience, it is equivalent to use the model in

which pollution is treated as a normal input of production. In this case, the firm

10) NOte that ||[|:_|=_l.£
& hily .
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makes decisions on its input levels, k, hy, and x to maximize profit, taking r,

w, and T as given:

max T = {k"h\' "}I’ PP (rk + wh, + 1) (7.12)

Lh,,x
st. X= ]”'uh-.l i

The Lagrangian for this problem is

1 I
L= |:k”h\' "]I Fix™ — ik +wh, + =) +pik™h, " -x) (7.13)

where >0 is the Lagrange multiplier associated with the inequality constraint
for pollution input, X.

Solving the Kuhn-T ucker condition for a maximum subject to inequality
constraint yields that

Texz0,pz0,andil x = }:"]1.;I “othenp =10, (7.14)

Thus, the first-order conditions for a maximum with respect to x, k, and h,

are
Fil { '\'-'l.- ;
el (7.15)
i p+1lk*h, ™)
i

Y n gpoiy. Pl o Bl
m—'—f]::ir :*u_( P |—[L h! : * (716)
K L+ k )

i 1
oy A -L:r-l_ ||I.:I _'-.._._;:._
i:l]:ﬁu _':-[|_|,_'|[L # (717)
'::‘.hi' '-.Ij'_ 1 A h:. '

with equality if x<k“h,"" Since the production technology exhibits constant

returns to scale to its inputs, k, hy, and x, the firms zero-profit condition is
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satisfied as below:

[k.rl'.l,l .-.}' |-.|_\;|'-I = Tk+“]1,' X (718)

If the inequality constraint is not binding (i.e., x<k“h, ") then the first—
order conditions for profit maximization are enough to determine the
equilibrium prices. In order to implement the social optimum, government
should set the tax rate so that pollution level is the same as that obtained from

the socia planners problem :

X =k, P *h

v

Y, A xekth T, (7.19)

Thus, when the inequality constraint is not binding, in the sense that pollution
is optimally controlled, the equilibrium prices that implement the socia
optimum are obtained by substituting (7.19) into (7.15), (7.16), and (7.17) :

i H+||;"|1-ﬂ|':k-*]1-ll .II } Py (720)
i YoV ; ;
— p ¥ A cpmy BEol-y
i r)'.u1 = | o [y (k h,™) } ’ (7.22)
w=(]=r) B_|XK | [qr}.l[l\”'ll__l et ]“ (722)
k|!|+]_,-.\ t1_| J : .

The competitive prices given in (7.20), (7.21), and (7.22) can aso be obtained
by solving the firms problem given in (7.11) and substituting the optimal value
of m, m=[.l|f?--_-;k"h-. wyl }: into the first—order conditions to implement the
social optimum.

On the other hand, if the inequality constraint is binding, in the sense that

1
pollution is not controlled at al, then the highest tax ism below which the
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firm will use the dirtiest technology, so the equilibrium tax rate can lie

anywhere in the interval

e [n_ ﬁ%] . (7.23)

In this case, both the first—order conditions and zero—profit condition should be

used to determine the equilibrium rates of return on physical and human capital

as below:
(om0 (p Y k)
reo| —|—| . w=xil-of—/1|—/|.
_ﬁ—lJ.\kJ. B+1\h,
N ' (7.24)
tk+wh, ={l-7¢""k"h, ", and f:.x DLW
: : wh, 1-a

y

Combining (7.23) and (7.24), we can solve for the equilibrium prices of physical
and human capital, in terms of the equilibrium tax rate, and their possible
ranges:

N fn Yh R b %
reofl-1)f - ==l 2 ) -] R 7.95
|'~k2| WB+1A K [kz ) (729
i o r w e i y& ]
k B K k
w={l=ayl 14 =re|(l m| [ . (]—|1)| 72
R B+idb, ) -, (726)

Hence at the input prices given by (7.20), (7.21), and (7.22), (or (7.23), (7.25),
and (7.26)), the firm will choose its input levels, x, k, and hy, so that the
pollution level is the same as the optimal one obtained from the social planners

problem.
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3. Pareto-Efficient Equilibrium

Now we put the household and firms problems together to solve for the
competitive equilibrium under the government tax policy for pollution control.

First, when the inequality constraint is not binding, i.e., st} <kit)*h ()" or
mity<1 the renta rate on physical capital, r(t), obtained by solving the firms
problem given in (7.21) exactly matches with the rental rate on physical capital
given in (7.9). Therefore, it satisfies the condition for the equilibrium path of
L1 given in (75), which is obtained by solving the households problem, to be
the same as the optimal one. Hence, the equilibrium tax rate and return on
human capital, which implement the social optimum for periods when
str= kit b (17" are determined by (7.20) and (7.22), respectively.

Second, when the inequality constraint is binding so thatx{tt=kit}*h ()"
or witi=1, the equilibrium values of t, r, and w should lie in the intervals
given in (7.23), (7.25), and (7.26), respectively. Since the optimal rental rate on
physical capital given in (7.9) lies in the interva of (7.25), the equilibrium tax
rate that implements the optimum is determined by combining the first equation
in (79) and equation in (7.25). Also, the equilibrium tax rate solves the
equilibrium prices of physical and human capital given in (7.25) and (7.26), and

consequently, the competitive equilibrium prices of x, k, and h, are given as

| SRR TR e
{5+ Imr.?__"u'r :
- [ - . - * L5 Fm
Wk, .;1>[k (", (1) }| )
p+1

if X7t = kTt h, e

T ()=

(7.272)

R 1 LR A TR §

or aternatively,
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k"t h, i1 | ¥ e
: e (=1,

=4 BrDwh ® (7.27b)
w ()™ v
— e (=1,
[i+1
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r(=afl-1 Ilﬂl = ,,IL (728)
RAGY
w{t) = (1=l 11[[|i| h,:;n | (7.29)
\h,_ [15

From equations (7.27a) and (7.27b), it is interesting to note that the optimal
tax rate is not zero, but strictly positive, even when the firms do not make
efforts to reduce pollution by using the dirtiest technology. T o put it in another
way, firms pay the positive taxes for pollution even when the tax has no effect
on pollution reduction. However, the positive tax rate in effect reduces the
market rates of return on physical and human capital. The lower rates of
return reduce the incentive for the new investment in physica and human
capital, and hence, preventing pollution from increasing at a faster rate over
time.

At the prices {r'(t), w'(t), T (t)} given as the above in (7.27), (7.28), and
(7.29), the firm will choose the optimal inputs {k'(t), h," (t), x' (t)} at any point
in time t. The resulting path for the quality of differentiated physical capital
used by firms, « (t), which can be viewed as an index of emission standard,
is also optimal. Since government tax revenue, R'(t) =t (t) x (t), is distributed
to household's as a lump sum subsidy, the househalds income is equal to the
sum of returns to physical and human capital, and a lump sum subsidy from
government. Given {r', w', x', R'}, the values {c, k', h,", u’, h’, A.", A"} that
solve the households problem are the same as those obtained from the social
planners problem, so the competitive equilibrium is a socia optimum. Thus, the

social optimum can be implemented in a decentralized economy at all times



The Enviramrentd Kuznds Qurve, Setdnddle Develqarat, and Rdicy Ardlysis far the Sidd Qtimum 135

with a pollution tax, t"(t).
Finally, consider the long—run growth rate of the pollution tax. Taking
logarithms and differentiating the second equation in (7.27b) yields the long-

run growth rate of pollution tax as below:

% g AT (7.30)
T e

where g, <@ and g, = are the long—run growth rates of @and vy, respectively.
Along the steady-state growth path whenmiti <1 the pallution tax rate should
rise at a constant rate as above. It implies that as economic growth increase

the value of environmenta quality, the firms have to pay a higher price for
pollution input. Thus, the firms are willing to substitute more conventional
inputs (physical and human capital) for pollution, which induces the firms to
choose cleaner technology, leading the improvement in environmental quality
as in the socia planner’s problem.

Now suppose the government directly regulates firms by setting an emission
standard on how much pollution is allowed to emit in production at each time
t. In this case, firms are entitled to emit the allowed level of pallution without
paying for the right to emit the corresponding level of pollution. Intuitively, the
question of which policy instrument can implement the social optimum is
related to the market mechanism associated with input prices. Under the
pollution tax or voucher system, it is implicitly assumed that price of pollution
is determined in a separate market for pollution, and firms buy the right to
pollute at the given price of pallution. The price of pallution affects the market
rates of return on physical and human capital, and in turn, these input prices
affect the households decisions for investment in physical and human capital.
By contrast, under direct regulation of the pollution leve or the type of
differentiated physical capital, it is assumed that there is no separate market
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for pollution, and the markets for physica (human) capital and pollution are
actually mixed together. Hence, the market rental rates of physical and human
capital are determined in the mixed markets, and they include the price of
pollution, i e, the value of the right to pallute. In other words, the market rental
rate of physical (human) capital accounts for not only the true return on
physical (human) capital, but also the value of the right to emit additional units
of pollution for each unit of physical (human) capital. Since the market returns
on physical and human capital are higher than the true (i.e., socialy optimal)
returns, these overvalued market returns on physical and human capital are
misleading the households behavior into over investment in physica and
human capital. As a consequence, the social optimum is not implemented
under these types of direct regulation.

Based on the results that we have derived so far, we see that government
should choose the pollution tax rather than a certain type of direct regulation,
in order to implement the social optimum. These results may help to provide
the theoretical basis for the actual evidence of increasing use of the “incentive-
based” mechanisms for environmental regulation rather than the “command-

and control” approaches in the U.S. and over the world (Hahn (2000)).

. Concluding Remarks

This paper undertakes an extensive analysis of the interaction between
economic growth and the environment. We have developed a simple theoretical
model that is consistent with the empirical evidence of an inverted U- shaped
pattern of pollution relative to income, the so-called environmental Kuznets
curve. T his model, however, is different from the previous studies modeling the

link between growth and environment. In particular, we present a unique and
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realistic specification of the pollution generating process, and we incorporate
the environmenta externality into an endogenous growth model of human
capital with differentiated physical capital. Utilizing our analytical framework,
we have studied different issues regarding economic growth and the
environment, such as: (i) theoretica analysis of an environmental Kuznets
curve, (i) the long—run growth and sustainable development in the presence of
pollution, and (iii) a policy analysis for implementing the social optimum in a
decentralized economy.

In Chapter , we present a simple theoretical model that yields consistent
results with the empirical evidence of an inverted U-shaped pattern of pallution
relative to income. Although many empirica studies find the inverted U-shaped
relationship between per capita income and pollution levels, the reason for such
a rdationship has been left open in that research. Hence, we make a
contribution to the literature on growth and the environment by providing a
theoretical basis to explain why pallution follows an inverted U-shaped pattern
with respect to income level.

Through Chapter to Chapter , we show that one of the important
factors determining the pattern of pollution growth with respect to income is
the potential output level of the economy. We find that it is optimal not to
control pallution when potential output is low but it may be optimal to contral
it at higher level of potential output. Since our result indicates that it is optimal
not to control pollution when the potential output level is relatively low, it
supports the position of less-developed countries that claim that they should
be alowed to have a less stringent environmental policy for faster economic
growth.

Another important factor that is crucial in determining the income—pollution
relationship is the dasticity of marginal utility of consumption (o:) relative to

the elasticity of substitution in production between pollution and conventional
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inputs (0y)Y. A higher level of o. implies that consumers are willing to give
up more consumption to reduce a given amount of padllution as income level
increases. On the other hand, a higher level of oy implies that if pollution is
treated as an input of production, firms are willing to use more conventional
inputs, instead of reducing the pallution input, in response to an increase in the
price of the pollution input. If both o and o, are high enough for o. to be
greater than Yoy, the price of pollution will increase sharply with income and
firms will reduce pollution by a large amount in response to a higher price of
pollution.

Therefore, if we assume that oc is greater than Yoy, an inverted U-shaped
relationship between per capita income and pollution is derived from our model.
As the potential output leve grows, the economy has a transition from the
region in which pallution is not controlled to the region in which pollution is
controlled. When pollution is not controlled at all, it is clear that pollution
increases with income. However, when potential output exceeds a critical level,
it is optimal to control pollution. Moreover, the pollution level decreases if and
only if oc is greater than Yoy, so in this case the optimal behavior of pollution
displays an inverted U-shaped pattern with respect to income level.

Since we believe that one of the important objectives for the study of
economic growth is to explore its implications on welfare, we have used our
mode to address the issue of sustainable development in Chapter . We
interpreted the term “sustainable development™ as development that improves
the quality of life, which depends on environmental quality as wel as
consumption of produced goods. In this context, we analyzed the long—run

growth of the instantaneous utility, which depends on both consumption and

11) This elasticity can be derived from the generalized functional forms of our
model. This equals one for the Cobb-Douglas production technology in our
model.
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pollution levels, as an index of sustainable development. T hus, one of the major
contributions of this paper lies in applying the concept of sustainable
development to a mode of economic growth.

When pollution is linked with output production, the socia planner chooses
the cleaner production technology by allocating resources to internalize the
negative externality. Optimal control of pollution leads to quality improvement
in physical capital used in production, while human capital plays an important
role as a source of sustained growth of the economy. We have shown that long-
run growth and sustainable development are achieved with more stringent
environmental policy, provided that the social marginal product of human
capital is not affected by the presence of pollution.

In Chapter , we have studied the issue of implementing the social optimum
in a decentralized economy by introducing pollution tax as a government policy
instrument.

We have shown that the pollution tax can implement the social optimum.
The intuition behind this result is that the effectiveness of government policy
depends on the market mechanism associated with the price of pollution and
the rates of return on physical and human capital. If pollution is regulated
using a pallution tax, then the pollution input has its own market price that is
separate from the rental rates of physical and human capital. Therefore, the
market rental rates of physical and human capital reflect their true (i.e., socially
optimal) values under the pallution tax, which enable the household to make
optimal decisions for investment in physical and human capital.

The results that we have discussed so far suggest some important issues
ignored in this paper for further research. Thus, the basic framework of the
model we have developed in this paper can be extended to study a number of
additional related issues.

Since pallution can be defined in a broad sense as the extractive use of the
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natural environment, and the environment can be modeled as a renewable
resource because of its nature of regenerative capacity(eg., LOpez(1994),
Bovenberg and Smulders(1995), and Aghion and Howitt (1998)), our model of
pollution can be used to deal with the issue of renewable natural resource such
as the optima management of forests or fisheries.

In this paper, we assumed that there already exist infinitely many
differentiated physical capital among which a certain type of physical capita
can be chosen for use in the final output production. It implies that cleaner
production technology, which enables the final output to be produced in a less
polluting way, is embedded in the cleaner type of differentiated physical capital.
It would be interesting to study an economy in which we model the endog-
enous pollution-abatement technological progress, which should be dis-
tinguished from the growth-enhancing technology improvement. The key
issues that we could dea with in this framework include the question of
whether there is sufficient market incentive to develop pollution—abatement
technology in the private sector. Also, we could discuss the role of government
not only because of the market failure associated with environmental
externality, but because the pollution—abatement technology has a public good
character.

Our analysis of economic growth and the environment in this paper was
based on a single closed economy. With an emergence of trade liberalization,
such as the North American Free Trade Agreement, there have been con-
flicting arguments about the interaction between trade and the environment.
It would be interesting to consider an open economy to investigate how the
pattern of trade, income level, and the environment are affected by the free
trade policy in developed vs. less-developed countries. In this case, for
example, we must assume that different countries have different production

technologies and different palicies for environmental regulation.
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Population size was assumed to be exogenously taken as constant in this
paper for anaytical convenience. However, population growth is related to per
capita income and pollution in the sense that an expansion of the aggregate
labor force could raise the per capita growth rate if there is a scale effect of
the economy, and that pollution damage depends on the economys population
density. Therefore, population growth should be an important factor to be taken
into account when investigating the linkage between economic growth and the
environment. If the population growth rate is assumed to be positive, however,
then our model of human capital would yield no balanced growth path, but the
growth rate would explode because of the scale effect. In this context, we need
to develop a new framework, such as non-scale modd of economic growth
(eg., Eicher and Turnovsky (1999)), in order to study the effect of population
growth on per capita income and pollution levels.

Finally, it would be worth calibrating our model to real data of both
developed and less-developed countries to examine the pattern of pallution with
respect to income at different stages of economic growth. Based on the
calibration results, we might be able to suggest policy prescriptions on when

and how strictly the pollution should be controlled in each country.
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ABSTRACT

A Study on Estimating the Effects of Changes in T ax
Structures and Distributions of Income and
Consumption on Tax Burden

Myung Jae Sung

This study analyzes the effects on tax burden of the changes in tax
structures, separately from those in the distributions of income and
consumption, using the Family Income and Expenditure Survey raw data:
1982 1999.

It turns out that the changes in income tax law increased progressivity
in tax burden, for example, increasing the income tax exemption levels,
however, changes in income and its distribution decreased its progressivity.
As a result, the overall progressivity of income tax burden remained almost
unchanged.

The changes in consumption tax laws did not have significant effects on
the tax burden. To the contrary, the changes in income and consumption

patterns had significant effects and, therefore, played a crucia role in
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determining the overal shape of consumption tax distribution. The
consumption tax burden was slightly regressive as expected. However, we
might conclude that the consumption tax burden would be proportional

rather than regressive, since its regressivity was so small.
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Changing External Tariff Under a Free Trade
Agreement

- Grossman and Helpman's Case

Jacho Cheung

This paper explores the effect of externa tariff changes on aggregate
welfare when two small countries join a Free Trade Agreement(FTA).
This paper builds primarily from the Grossman and Helpman(G&H)(1995),
which ask “will an FTA between two small countries be politically viable?”
When they answer this question, they assume that the tariffs of small
countries are fixed exogenously.

Because an FTA, unlike a Customs Union, alows members to select
their externa tariffs, the politicians who receive contributions from the
various interest groups may try to manipulate tariffs to maximize
governments objective function.

Treating the external tariffs as endogenous variables, we find that after
the FTA, small countries not only remove interna tariffs against the
partner, but also remove or to reduce external tariffs against the rest of
the world.

Understanding these new optimal tariffs, we derive the important result:
even when the FTA is viable in the exogenous-tariff case(G&H), it might
not be viable in the endogenous-tariff case where member countries have
new optimal post-FTA tariffs. Thus, treating tariffs exogenously tends to
overestimate the viability of establishing the FTA. Consequently, G&H's
analysis may tend to overestimate the palitical viability of establishing the
FTA.
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Volatility in Foreign Exchange Market

Chang-Gyun Park

This paper examines the procedure of empirical equivalent martingale
procedure (EEMM), first designed by Christensen and Kiefer (2000) and further
developed by Park (2000), to estimate the volatility parameters in a stochastic
differential equation governing the evolution of foreign exchange rates.

The EEMM estimator is based on a smart combination of the equivaent
martingale measure, one of the most remarkable innovations in mathematical
finance in recent years, and the development of asymptotic theory for
simulation-based estimators in econometrics. The derivative pricing formula
expressed as the conditiona expectation of future payoffs with respect to the
equivalent martingale measure constitutes the moment condition required for
the generalized method of moments (GMM) estimator. On the other hand,
GMM is operationlized by evaluating through simulation the conditional
expectation in the moment condition which does not have a closed form
solution.

The new estimator requires information from both underlying asset prices
and derivative security prices in estimating the volatility parameters, as
opposed to the traditional approaches where information from derivative
security prices plays only a minor role. The beauty of the new estimation
procedure is that the drift function in the stochastic differential equation under
estimation is totally irreevant in estimating volatility function so that the
computational burden is relatively light compared to the case when we have
to simultaneously estimate both drift and volatility functions. The new

estimator isV T-consistent and asymptotically normal. The consistency does
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not require the number of simulations per observation to become infinite, but
the number of observations in the sample to go to infinity, which lessens
computational burden significantly.

Five currency options actively traded in Philadelphia stock exchange are
analyzed. We discover that market for foreign exchange has less volatility than
market for stocks represented by the S&P 500 Index. We aso reveal the fact
that the extended constant easticity of variance (ECEV) mode is well suited
to describe the volatility in foreign exchange markets. Finally, employing call
options and put options two sets of estimates show that they are closed enough
that the one factor model can be regared as a reasonable approximation as far

as foreign exchange markets are concerned.
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The Environmental Kuznets Curve,
Sustainable Development, and
Policy Analysis for the Social Optimum

O-Sung Kwon

This paper develops a simple theoretical modd that is consistent with
the empirical evidence of an inverted U-shaped relationship between
pollution and per capita income. It is shown that the dynamic behavior of
pollution is determined by the relative magnitude of the elasticity of the
margina utility of consumption and the elasticity of substitution in
production between pollution and conventional inputs. Also, by incorporating
the issue of environmental externality into an endogenous growth model, |
investigate the circumstances under which growth can be sustained with
the optima control of pallution, and hence the sustainable development can
be achieved. | show that the more stringent pollution control leads the
improvement in environmental quality, while the human capital plays an
important role as a source of the sustained growth. Finally, in order to
study the problem of implementing the social optimum in a market
economy, | analyze the pollution tax as one of the government's policy
instruments. The general equilibrium anaysis shows that the socialy
optimal tax rate of pollution should increase proportionally to the growth

rate of consumption.



(last name) ABC



dl
1 r d ( H H )1 ( H )1
400 y = zw )1
2. =1 File
= File 3
3. referee
200
4.
[LI81(8]- (T[T 79-6
F
d
1 (02)2186- 2226( )
1 (02)2186- 2139
E-mail : hong@kipf.rekr
1
2.
(L3108 )- [7[71[4] 79-6
1 (02)2186- 2131
1 (02)2186- 2139

E- mail : pub@kipf rekr



2 ( 13 ) 2001 4
.................................. 1
.............................................. .. 49
.............. L T7
The Environmental Kuznets Curve, Sustainable
Development, and Pdicy Anaysis for the Soda
Optimum ........................................................................... .. 103
20 47



	목차
	세법개정효과 및 소득.소비패턴 변화에 따른 세부담효과의 분리 추정에 관한 연구
	자유무역협정 체결의 유인
	통화옵션에 나타난 외환시장의 변동성 추정
	The Environmental Kuznets Curve, Sustainable Development, and Policy Analysis for the Social Optimum
	서평: 20세기 빈부격차를 설명하는 비경제학자들의 견해
	영문초록

