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Abstract; The main contrihutiun of t h is paper is t il rovua] WH~N firms . in g'eJll'ral.
invest in anti- pollution equ ipment and WHAT tech nology level t hey adopt . Theil'
responsive behaviuur toward the policy paramete rs such as ohscrvntion probability,
interest rato or penulty , and ('ndog'l' nous factors such as op(' rat ing- CIlSt a nd l>lIIissio n
\"Il IUIIII' is analyzed in th is pape-r. TI ll' resu lts show that a n increas« in oltsl'l'\'ation
pro ba llility leads to a n increase in tech nu logy level a nd 1II0ves till' schedu le 01'

abutement investment ahead. However. an increase in interest rute resu lts in a
decrease in tech nology level and delays the timing of ahatment investmen t .
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1. INTRODUCTION

In nuuk-rn life. a production technology tha t ca n assure efficient production
withou t pollu tion and assures till' local environmontul quali ty is Iwing- sllug-ht.
l lu forr u na tc-lv, it has not vr- t l'lnp rg'l!d til dati>. On t he contra ry. the rapid r isl' 01'
l'l'Il )It 'llI il' growth a nd industrializa tion in dl'vploping' cou ntries has spoik-d t ill'

•

«n viru nmc nt vastly in t ill' pa st years . Due to the low len ' I of existins; emission
standa rds. many plants freely discharged the ir was te including wast« wa te- r. waste a il'.
and solid was t!' into the cn virunmen t without furth er t reatment. To achieve the ta rg'l't
leve l of environmenta l quali ty . a policy maker ca n choose «ithor to levy a n e ffluent I'I'P

\ the I' igouviall t , LX I 01' set up an em ission sta ndard and im plement it I ~. !)I. Must
liu-rn tur« assume tha t t.I 11' pullu tc r is technically ahle to con trol t h« em issiun le-vel a nd
mora lly likes til hi! honest and lilllow till' statu tory n'/,'1.tlations a nd 1II1'pt the n').,'l. tlatory
em ission sta ndard. However, due to difficulty in monitoring each firm 's omissio n, till'

,
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problem of m oral hazard arises . To get rid of the polluter's moral hazard , many article s

in tilt! lit erature have presented variou s incentive schemes in the form of fines or
su bs id ies which are believed to be e fficien t ways to a chieve the policy planner's goa l
It' .g. 1. 4.5, G, 7, II , 14, Hi, 17 1. The sha r ing rule proposed by Holmstrom IGI is based

on the cond ition of a zero -sum game between the principal and t he a gent . The outcome

(payoff) is shared com pletely by the two parties . Grossman and Hart /51 already

cr iticize Holmstrom's sha r ing rule and demonstrate that this kind of approach is
g"t' lw ra lly invalid because Holms trom's utili ty is difficult to measure . Baker 111argue s
that t ilt' opt ima l incent ive scheme depends on t he rela tionship be tween the
perfu n u unce III (,,,su re and t he principal's objective . In t hese prior stu d ies, it is a ssumed
t hat t he principal is seeking to maximize profit. However, for nonprofit orga n iza t ions,

profit is not the only objective . These incentives proposed by the above-mentioned

literatu re cannot be applied in our case to prevent violations .

Some authors focu s un the e ffect of the observation schedu le on pollu tion

reduct iun I~ , 10, 12, 1:31. According to Malik 1101. t he viola tion problem is p.utly caused
by t he difficul ty in contin uous monitoring and partly by "the absence of a well
deve loped m echan ism for assessing penalties for noncompliance". H e u ses a s tochastic

model to demons trate t he effec t of observation frequency on pollu tion discharge . H e

asse rts t hat "... pollu tant discha rg« is a function of the frequency of monitoring eve-n
when di"charg"t' is dotormi nist ic". TIll' subjective prnhahility o f being" de tected a nd

punislu-d is jll'I II"IS(!d as a vecto r of c-xogonous pur. uuetors set hy tilt' inspector. TIlt'

ohservatiun schedu le function (termed audit prnhabi lity function hy Malik ) is allowed
to vary across firms . Each polluter's su bjective probability of be ing observed is given

a nd is t he function of policy paramete rs . Bevis and Walker 12/ analy zed the e ffect of

uhso rvution frequency on t he pollu tion level and co nclu ded t ha t a firm 's pollu tan t
om iss io n in a TUP t t ru usfo rrnh lo discharge permit) market is not affe ct ed by t he
in spector's Illonito r ing" frequency while Malik argu es t hat t ill' poilu tant dischargu is a
fu uct.in n of moni toring frequency . _

All t hese papers assume t ha t t ill' policy maker's en forcement ability is fully
su ppo r ted and a ssured, In t ill' pre sence of sh ir king, the polluter will 1)(> ca ugh t and
punisl u-d according" to tlw incrntivo schonu-. A" the mOllitorillg" cos t is no t free . removal

01' m urnl ha zard " .. pt·llll" on a s u ff ic ie -n t hudgc t to su pport t ilt' l'l'gulatllr til push tilt'
firms til ftdl ll\\' I, ·gu la t illll". However, t ilt' cn forcenu- nt of these e nv iro n menta l policie-s
is nut ta ke n well in dl'vl'loping" or unrk-r-develuped cou ntr ies lx-causo of insufficient

budgets . Most polluters st ill look around and wait for other com petito rs ' a ction in t he

ahsl' IlCl' of l' fI<.,ct ivt' unpos it inn of on viro mnontul policy . Smue hribm-ios Ill' g"ovl' r n lllt'nta l

ill:,pl'c[llrs li ,r k-ss inspoct. iuns an' eXIJl'C[l'C1 a nd attem pted . Pollu t e- rs t ry til cheat

~1I\'l ' r l ll llt' ll t officia ls h,v d i"cha rg"ing tho wnsu- wa ter or flue gas th ruujrl: h idde-n d ucts
into tilt' "l'a Ill' ri ve-r o r tilt' ail' . Nobody intends to Iw a piuuevr a nd sta rt a bateme nt
iuvesuuenrs to a void the loss of com petitive ness. T he installa tion o f on viru m nonta l
protect.io n equipment will mise more costs. As a co nsequence, it become s an evil

pcnn lty to those who do abuteinent inves tment when e nviro nmenta l laws ca n not he
cu rripd Il U t t' ffoct ive 1\•.-
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The purpose of this paper is to develop a model to analyze the optimal timing
for the polluter to start abatement investment and optimal technology level of this
abatement investment. It demonstrates till' polluter's choice on timing and the
technulugy level of abatement investment under the condition that environmental
regulations cannot perform perfectly. Because of the limitation of personnel and
measuring technology, con tinuous monitoring of the pollu ter's production and
operation becomes impossible. Thus, illegal discharge is not easily observed and
punished. Many polluters are profitseekers and do not care about the environmental
damage. Our model has shown that an increase in monetary fines and reinforcement of
inspection in ur.l ur to increase punishment probability will have a strong impact on
entry timing a 1)( I technology level of the abatement investment.

2. ASSUMPTIONS AND NOTATION

Compared to the productive investment, abatement investment is characte
rized by:

( 1) Negative return: generally, the abatement investment will increase production costs

and reduce competitiveness in the market1. This characterization makes firms
reluctant to install anti-pollution equipment due to cost increases. It becomes a
punishment to those firms that have already invested in anti-pollution equipment if
the guvel'llmellt cannot implement the anti -pollution laws effectively and fairly,
because those r;1"lIlS that do not invest in abatement will take advantage of the cost
benefits.

( :2 1 Crowded-out effect:!: due to the given amount of capital in a finn, a portion of
capital must be spent on abatement investment. Thus. the portion of productive
investments decreases and the production level lind operating profit are also reduced.

~a ) Difficulty in monitoring: a continuous monitoring system is too costly to install so
that the governmental inspector (regulator) cannot observe each firm's emission all the
time. In other words, the abatement investment is done and note is taken, but its
operation cannot be observed all the time. For example, many polluters in Taiwan
install anti-pollution plants and report to the government for tax incentives. After the
government's approval, the pollution treatment plant is shut down to save operating
costs. Practically speaking, the governmental inspector can only make a sudden visit to
the suspected firm and check the emission level randomly. The polluter will he
punished by monetary penalty or production shut-down if he is caught violating.

To construct the model. some assumptions are made and described as follows:
•

1 ,Jorgenson and Wilcoxen 181 present similar viewpoints in their empirical SIllOY on
environmental regulation and economic growth.

:! The details are presented in Jorgenson and Wilcoxen's study (p.:~aO) 181·

•
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( 11 An expected ubserva t iun fre-quency
•

exper ience.

;. is estimatod hv
•

th« finn based on past

( 2) Incarceration in becoming a more common tool to implement environmental laws
115 1, however, civil monetary penalties are assumed tu he the only instrument imposed
lin tilt' viola tors . Two schemes including constant munetary penalty and variable
munetary penalty over time are discussed in this paper,

(:31 Firms a re seeking for the maximization of profit only, Social norms or moral
s tanda rds arc not chosen as decision making rules of abatement investment. Efforts to
reduce emission leve ls by moans of abatement investment are regarded as an outcome
of cnst- Ix- ne fit a ua lvs is, Tax in centives on abatement arc calculated and viewed us a

o

minus te r m of invos tnu-nt cust .

( 4 1 The regulatory em iss ion standard may he adjusted' to he more s t r ict over time
cont inuously and has a lin r-ar relationship with tUIW. At tune T, a pollution treatment
pla nt with techno lugv leve-l J.' is invested. T echnology levelll represen ts the ser vice life
ufth« pla nt . The operu ti ru; Ill' ti lt' plant assures em ission levels will meet t he s tatuto ry
vin issiou sta ndard a t t inu- T + J.' . After time T +h, it hecomes invalid and must Ix,
discarded . T he cost of till' abatement investment A is a function of em ission volume V
and regulatory s t a nda rd 11/, assumed tu he separated into two independent functions
with t ill' following' pruperties , i.e .

A ( /11 . V ) = A (u( T + I.' ). V ) = 11. ( 7' + I.' )g( V ) where /11 = u( T + I~ ) ,

h'(T + I,' ) :,- O. " "(7' +/,'j :-'o. h rO j =O. lim 11.(1' +/;»0
T . /.' . 11

(5 ) During t he period of analysis, the em ission control technology is assumed to he
u nchanged and the uncertainty of technology is neglected. In other words, the actual
emissio n is expected to remain constant over the validity period of the pollu tion
treatme nt plant although the variability of the inputs in quality and quantity may
ca use fluctuation of the waste em ission level.

lG) Cont in uous running is the only choice for the finn to su rvive. There is no possibility
li,1' tilt, po llu te r til move his production to other locations 01' shu t down the production
t il avoid the ubuu -uu-n t inves tment .

Notatio ns:

V
I

A
;..

r
•

A.

e m ission volume
time

amount of abutement investment
tech nolugy level in terms of validity period
timing of abatement investment
munctarv fine

o

probability of violation observed and punished
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•

\ t

). !' \ t

loss of ahatement investmen t bv

1= '1' ;-1..
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CO" "","""" J" "" , .", '<:'1- -

f'l" " ' 1 f' ,1 ·'I' (' celt + 'I' . i " ). 1(t )elt

A

1= '1'

3. MODEL CONSTRUCTION

di scou nt rate
benefit from wastl' recycling

operating cost of abatement in ves tment
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A systcu. a na lys is descr ih ir u; th« benefi t and
uieans of cash flow is diugrruumed in Fig. a.1.

Z.11111 1 •
J' I..

FiJ.'Urc :t I: Cash flow of a po lluter 's act ivit ies involving' abatement investment

Jj l'scrip ion of the dia j.,'1·am :

\ it hu u t uhnt c-nu- nt investme nt , in ti me in terval It . t + V I the polluter will he

" II. ,'rvl·d a JIll pu n ished wi t h proha hility ;. \ t. In ot her words , th« prubahili ty

d is rihu run of t he uhse rved a nd punis hed r-ve nt at each t ime interval is humugencou »
a nd uni lo rur . Bc lor« ti rn c '1' , the presen t va lue of the munetury fine that the linn is

expec tod to pay amounts to II>' ,1 ). !'u lelt where!, is a given function of 1. At time

t = '1' , tlu- finn s t a r ts its a lwt('lne nt investme nt , amounting' to A( /II . V l = h!T + '.' )b'( V l .

Iu -r thr -u. 0l ll 'rating cos t (':.! Iur the uhaunnun t, invesunent is generated and henefit (; )

on the recycled materia l o r e lll' rgy is uhtn in ·d . The opera ting' cost is assumed to hI' an

mcrc-asi ru; fu nct ion of e m iss ion vo lu me, i.e . (;'2 = (' :.! (V). ( ' ~ (V) » O. Afte-r t ime '1' + '.' ,

whr-n th I va liditv of till' ins talled plant «xpir .ds , a monetary fine is expected again ,

I
. ,I

.unuu n t uu; to 1 I.. " ;,!'U )elt .

Ha :-l·d on th« cash flow. the 1)I )llll l< 'r will de termine the optimal t illl ing- '1' and
oplll na l ll'cI lJ\lJ logy It'vl ,11t of th« pla nned inv 'st llll'n t hy m inimizing the pn'sl'nt va lue

of th« ne t cost Z , i .1'.

wlu-r« (' 1''2 - (', li nd c'l V , ' 0 .
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t4, 1l

t4.4)

t4. 2)

(4 ,5)

tC-1}

i/ ;'((t Ie/Ii/ J'"celt + r .u"

' '1' " JT./: i/ J' u ,»
I lu 'l + In g ( V H· 'I' (' edt + 'I' . /.. (' At (t Ie/I

iT"'(T + k lg(V l+l' i ('r ""J(c _ )j'(T+ /~))= O
- f. '

I 'I\.

1 "(1' / (V il' /" ('1' /I , ' / ' - I + " ~ Jg ) + l' + ,~ )
,: ( J ) = .

""('I' +h )glV )+ie Ik ()[(1' +/lj - c ) - e Ik )..('('1'+Il)

_ - " "('I' + k )g (V)+c il.' j"(1' + k )
- - - - - --'-- - =-'--'-- - :.........:.- ..,.,....e--'-- -

" "('1' + h )g( V )+ i ll '( '1' + h )g(V ) - e -ik)['('1' + h )

- -= e

After rearrangement of t4 .a J, we get

Taking differentiation of t4.4 ) with respect to '1', we get

1'1' 1/) /' I(' . (t )e I + e
II

,

'I' 'T J'I' ,/:min min Z = 1 I II ;' ((tl eLt +e I h i '!' + h)g( V)+ 'I ' l'
'I' I.. (I

IlUIl Z =
I..

Firs t. we sta rt to solve:

Problem Ia.1) is identical to the following problem:

Given '1', let I~ = 1,'(1' 1 he the optimal solu t ion of t4 ,2 ), Then, the corresponding

fir--t orde r condition is :

4, THE OPTIMAL SOLUTION WHEN PENALTV IS INCREASING
OVER TIME

Rearranging' t4 .4), we get (,ik = ;'( 1' + In - c . As HHS (Right Hand Side ) of
h 'tT + k lg(V 1

th is equation is positive and h > 0 , ) ( 1' + h i - c must he greater than zero . The ter m

)j'(T + I,' ) - c: represents the net benefit of each unit of tUIH' when the validity of the

invested pla n t expires. If )j'( T + I~ ) - c is negative , no polluter intends to start any

efforts on po ilu t inn abatement because it is cheaper to pay the monetary penalty than
to invest in a pollution treatment plant.

Case I: l i ' ( '! ' + "' )g (V ) ~ e -i /: ;,/"('I' + h ) > O. then /.:'(1' 1< 0 , and I ~" (T) 1< 1

T Il(' character istics of 1:(1' 1 depend on h(T + 1.-) and ( T + In . As II(T + I,') is

a mouotunicnlly increasing convex function, all cases based on equa t ion (4. 5) are
discussed below:
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Case 0: eik),('(1' + k ) > h "('1' + k )g(V ) 2: 0 and

li ' (T + k )g(V ) + ih 't T + k )g(V ) 2: eik)['(1' + k ) , then k '(T ) > 0 tC-2

Case III: h "(1' + k )g(V ) + ih '(1' + k )g(V ) < eikAt"(1' + k ) . then k'( T'; < 0 ,

and 1','(1')1 > 1 tC-3l

The secondary condition:

= eiT Ih "(1' + k )g(V ) + ili '(T' + Il )g(V ) - e- ik/"(1' + k)l =

- iT i h'(T + k )g(V )
= e ( )

1 + k'(T)
t4.6l

a2
Z(1' ,k ) > 0When Case 1 and Il take place, and it assures that the minimum
ak'L

I· f Z T I , T ' . d F~ C III a2
Z (1' ,k ) 0 'I'h . I . fva ue 0 (. ~( » IS attained. 01' ase rrr, 2 <. US , no optima point 0
ak

', (1' ) exists. In this case, Case III is excluded from our further discussion.

In the second step, we put the optimal value k(T ), existing as an implicit form

in t4.4), into t4. 1J and solve:

minZ(T. k(T»
T

t4.7l

The corresponding first order condition becomes:

•

•

•
0= ciZtT.k(T» = aZ(T .k(T » + aZ (T .k(T » ,,'(1' ) =

ciT er ak

=e -iT- 1).j'(T· )- cl -ie -iT-h(T· +k(T· »g(V )+ e- iTh'(1'* + h(T' »g(V ) +

t4.8l

•

Let Il · = k(1'· ) . Putting t4.4) into the above equations, we get

h(1' · + k · ) = )[~1' . ) - c
l.g(V )

t4.9)
•

Equation t4.9) represents the relationship between the optimal point T · and

i : , which is interpreted as: the interest rate of the abatement investment must be
equal to the benefit, equivalent to the savings of the monetary penalty plus recycling
profit minus operating cost.
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Combining (4.9) and (4.4), we get

exp Ii( 11 I ( ;.(~1'" ) - (; ) _ 1' " )/ = ---"''-'----'----c-__

I cr( V )
b g(V )h'(h

(4.10)

T" is ubtained by equation (4.10) and then fl" is obtained by equation (4.9).
By (4.8), the secondary condition of problem (4.7) is given by:

d'l. Z (T .fl(T»
--

ciT2

= e -iT l-iOnT) - c - i'l. h(T + fl )g(V) + AnT) - ili'(T + fl )g(V )(1 + 1/(1')/

Putting equation (4.9) into the above equation, we get

•

(4. 11)

Case A: On condition Col, if An T ") < ih. '( 1'" + fl " )g (V), then

This condition cannot identify the optimality of the solution to be an optimal point or a
saddle point.

•

Case B: On condition C·I, if An T") > ih'(T " + fl " )g( V) , then

d 2 Z 1'" l"
( .' l ) = e-iT 1).{'(T" )-ih'(T" +fl" )g(V)(1+h'(T" )I >
dT 2

•

> _e- iT" ih'(T +fl" )g(V )h'(T »O ,

therefore, the optimal point is detected.

Case C: On condition C-1I if 4 '(1'" ) < u.n: +h" )g(V) , then

< - e - IT' ih '('1'" + h" )g( V Jfl' ('l '" ) < 0 ,

therefore, no minimum value can be obtained. (1' ", k" ) is a saddle point.
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•

Case D: On condition C-1I if }.('(T ·) > i h '(T · + k· )g(V) , then

This condition cannot identify the optimality of the solution to be an optimal point or
saddle point.

•

The above results show that the solutions of equation (4.9) for Case Care
saddle points and for Case A, and D are of undetermined status. On condition of Case
H, the optimal point is detected.

5. RESULTS AND DISCUSSION

T he I'('SU Its and discu ssion are organized in the following list:

. 'I( ),r(T ·+f/ ) -c
l r Hearranging 14.8), we get 1" = .

orer·) - c) - uar: + fl· )g(V) + h'(T· + fl· )g (V)

As the terms of both eill- and )..f'(T· + k· ) - c are positive ),/(1'.) - c - uur: + k·)g(V) +

+ h'('i' · + fl · )g( V ) must be greater than zero. Since J..((T· ) - c - ih(T· +}/ )g( V ) +

+ h '('r + k·)g(V» O, then }.((T·)-c+ h'(T· + k ·)g( V» ih(T · +k· )g(V ) , which is

interpreted as: the benefit in each time plus the price inflation rate of the invested
plant must be more than the interest of the invested plant. When the probability of
punishmen t is too low and the monetary fine is too low compared to the amount of
al'atl' lIIent in vestment , no polluter will devote effor ts to improve pollution reduction .
As t" is a technica l factor determined by the technology level and can not be controlled
by the gover nment, the policy planner can use three ways: (1) increase the probability
of punishment, (2 ) increase the monetary penalty and (3) decrease the discount rate, to
pressure the polluter to do more for pollution reduction.

:2 ) To make su re that the polluter will absolutely star t abatement investment in the

ncar future, Z('l ' · ,k · )<Z(O,O ) lind Z(1'· ,k·) < lim Z('l'· ,k· ) become necessary
7,-

_ ) rll

conditions which implies iur: + k ·)g( V) <(A{(T · + k· )_c)( I_e-iIT-+ll-)) , because of

Z (1'" .Il · )-Z(O,O)=h(T· ,k · )g (V )e - : + J;'~- Tk-(C-Ar(l) dl < O,

f
T

- " '/" ! '. ' . I fT- . '( ' / ' I I" Z'1'·' · ZOOt " ( t" - ..... ( + rl ) )(.{ < T ' (c - 11. (l))c l , anc , _1111 ( ,rl ) < ( , ) .
T , rt'
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. 3) When T reaches a critical point, say T(', no poilu tel' will intend to do abatement

investment, i.e. k O (1~ ) =O. By (4.4), we get

"

As optimal point T O must be greather than zero and 1:, > T ° , then T; > 0 is

a necessary condition to get optimal point Il(T ). A longer critical point period of

abatement investment offers more choice regarding investment timing and technology
level for the polluter. Taking the differentiation of (4.15 ) with respect to A.c. and V

respectively, we get:

dT"
d A

(1:,)= --0:. _

g( V )h "( 1~) - )[ '(1'(' )

1'(1~ )

)f'(1'c ) - g ( V )h "(1~ )

d1'_"--c ':""';""--"-' _

dc"

.n; g (\l)h '(1:. ) + c'W)
-"- - ---=- - - "--- - -
d V 4 '(1:.)- g ( v v."(1:. )

The above expressions show that the change in direction of the critical point of
abatement investment with respect to the change of punishment probability, net
operat ing cost, and emission volume depends on the characteristics of k(T ) , which is

determined by the curve of h(T + k ) and r (T + k ) . As optimal solutions exist only on

condition of Case D, which was discussed previously, the constraints of

h"(1' + k )g ( V ) ?e ik )['{1' +k) serve as a criteria of the change in direction of the critical

point of abatement investment. Since Te is defined. as the timing of abatement

investment when h(T ) = O. Therefore, h "(Te )g(V) ? eik A('(1~ ), and then we get the

following result:

eiT" > o.
d A

dTe < o.
dc

eiTe < 0 :
elV

These expressions demonstrate that an increase in punishment probability leads to an
increase in the critical "point of abatement investment, and an increase in net operating
cost, and emission volume will result in a decrease in the critical point of abatement
investment , and vice versa.

4 ) Taking the differentiation of equation (4.9) with respect to A. c. i and V respectivaly,

we get:

d(T O+ ", O) _ f (To )(l +llo )
-

d A ig(V )h'(To +ho )(l+ko )- Af(To )



M.S. Chen, C.C. Che n I The Determi na tion of Ti mi ng and Tec hnology Level :!(j7

cI(T " ) _ (T" )

co. ig(V )h '(T" + I~ " ) ( 1 + /.~ . ) - AnT")

cI(T " ) 1
= ------- - - - - - - -

de AnT·) - i g(V)h'(T " + /., . )( 1 + h· )

cI(I~' )
=---- - - - - - - - - -

ele ; n T ·) - ig(V)h'(T· + I." )( 1 + I~· )

•

cI(T ' + /.' " ) _ ih(T ' + k")g'(V)( 1+ k ')+c'(V)
-

.tv N'(T · ) - ig(V) h '(T" + k " )(1 + k" )

•

c/(1" ) iur: k· )g'(V)(1+ k·)+c'( V )=--_-:...-_--'-"'---=--:..:..__-:...-_:....-::....-:-
«v 1J('( r )-ig( V )h'(1" + h' )(1+ h')I(1+ k ' )

Ii ll (T · -e- I, " )g'(v)( 1 + I, ' ) + c '( V )I" "
IAnT " ) - ig ( V )h '(T " + I~ , )( 1 -t- /., ' ) I(1 -r- /., • )

cI(/, " I
---'------=---- - - - - - ----'---

elV

cI(T ' + I.' " ) g ( V )Iz( T " + I~ • )(1 + k " )
---~----------

el i )j"'( T")- ig( V)h'(T ' + k ')(l+ k ')

g (V )/1( T ' + I.' • )
"

;('<T' ) - ig (V)h'(T' + 1~ " )(1 + k' )

,
cI(T ) - - - - ---.::;;_ :....-:_ - - - - - -

eli

g ( v va r : + /.,' ) /~ '

; j"( T ·) - ig (V )Iz'(T " + 1, ' )(1 + I~ ' )

elU, • )
--- --=------- - - - --

eli

Similar to the discu ssion in 2), the constraint of Case A, H, C and D will be put
on the above equations as a criteria to judge direction change with respect to parameter
change .

In Ca:,;v A, H, and D, when the optimal point is obtained, then
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d(l' >+ J/ ) d(l' » dh" . , , h b bili 'II
(1) < O. < O. -- > 0: an increase in purns ment pro a I ity WI

d:i dJ. d:i
decrease the overall technology level, the timing of abatement investment and increase
the technology level of the invested plant, and vice versa.

d( l'>+h» acr, .u: < 0 ',(2) . U. > O. an increase in the net operating cost will
de de de

increase the overall tech no logy level and the timing of abatement investment , and
decrease the tech nology level of the invested plant, and vice versa .

(3) d(1'* + J/ ) > 0, « r: > O. dJ/ < 0:' ". I '11.an increase m enussion vo ume WI increase
dV dV dV

t he overall tech nology level and the timing of abatement investment, and decrease t he
techno logy level of the invested plant, and vice versa.

(4) d(1'* + J/ ) > O.
di

an: )
---> 0.

di
.u: 0--< .
di . an increase in interest rate will increase

the overall tech no logy level and the timing of abatement investment , and decrease t he
techno logy level of the invested plant, and vice versa.

The above results are expressed in Table 5.1.

Table 5.1: The change direction of the overall technology level , timing ,
technology level with respect to parameters,

overall abatement technology
technology level investment timing level

J. : punishment probability - - +•

c : ne t operating cost + + -

V: em ission volume + + -

• •

I : 1Il terest rate • +T -

in Case A, C, and U. when a saddle point is obta ined, then the minimum value
will take place at T = 0 . The solution for these cases will be obta ined in Section 6.

6. THE OPTIMAL SOLUTION THEN PENALTY IS CONSTANT

When t" 0 . 5 b'T - h"cT+ h),tCV)( t) = ,equatlOnl4.,) ecomes I~ ' ( )= b,
II. "CT + h)g (V ) + i ll 'CT + h)g (V )

As h"(T +h» O.h'CT +k»O. so h'(T ) <O , and Ik '( T)I< l which leads to

d '!. Z ('J'. J,~(T )) "
---'---')'-~= e tI l - ih '(T +h )g(V )(l +h 'CTlI < O.in t h is case. we conclu de t hat t he

dT- .



•

(6.1)

•

i /; > 0 . This proves the

r
i r 'I ' I ' 1 .. I " \1(' . I I I i t: I -t- I I. ', ,)g( )

- 1
=--------- - --

e i/;- (i ll '(h" ) + II "(h" ))gW)

}/ - C- _ ....:....._-

11 ' (I.~" )gW )

• technoluev level0.-

;. : punishment probability +
•

I.: : net operatmg cost -
V .nn ission volume -

/ : interest rate -

k ' .1"
min Z = h(!.' )g (V ) + r e -1lcd t +f e'l Jf' (t )dt

/; Jo /;

dh "

dl.:

d l/ _ -ici/;"( i ll'O," )g( V)+I.: 'W))

.t v c ""-(i!l't h " )+ II"O, ")g( V )

i/.' "
e

The so lution of (6.1) is obtained:

:! r

S d di . d Z(0,h) I" I V . "/ 'econ ary con ition : , = I ( fl )g ( ) + 1( ..... - I.:)t'
dT !.

dk " - h '(h " )!.' "
-- =------
.n Ih'(/, " ) + h "U.' · j
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•

solu t ion of equat ion (4,9) is a sa ddle point when f" ( t) = 0 . The solu t ion for the saddle

point fur Cases A. C, D of increasing penalty scheme or constant penalty scheme , will

exist a t t : = 0 . Therefore . prohlem (:3.1) is identical to

Taking t he differentia t ion of equa t ion (6.2 ) with respect to Xc.i and V

respectively, we get

existence of a minimum value .

The a bove equa t ions demonstrate that an increase in punishment probabili ty
will increase the technology level of the invested plant, and 1Ul increase in net operating
cost, em ission volume , and interest rate will decrease the technology level of the
invested plant . The above results are expressed in Table 6.1.

Table 6.1: Cha nge in direction of the technology level with respect to parameters in
l:ase of constant penalty.

•
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Compared to the optimal solution for the scheme of increasing penalty, these
result show the change in direction of technology with respect to parameters is
iden tical. in the meantime , to make sure that the finn will absolutely start the

abatemen t investment in the future, i.e. It" > O. Z(O.It" ) < Z(0.1) becomes a necessary

conditio n which implies ih (lt" )g(V) « ().j"( It ") - (; )(1 - e -iI:" ) .

7 .. CONCLUSION

The foregoing discussions lead to following conclusions:

( 1) in both cases of constant monetary penalty and increase monetary
penalty, two factors serve as the necessary conditions for the determination of the

entrance timing and technology level of the abatement investment: ).j"1 T + It· ) - c > 0 .
«r: k'and u.c r: Tit" )g( V ) < 141 '}'· + It " ) - e)( 1 - e I ") . For the scheme of increasing

lll..onetary penalty which assures the existence of an optimal point. the condition

J..{ r r )- (; + ten: + 1t")g(V»ih(T " +h" )g(V ) is added as a constraint to solve the

solution . The three factors ser ve as good criteria for the policy planner to set up the
pena lty scheme.

( 2) From Table 5.1, an increase ). will shorten the timing of abatement
investment. Policy planners can take advantage of this feature to put pressure upon
firms to sta rt abatement investment earlier by reinforcing the observation frequency to
increase punishment probability.

t:~ ) In orde r to push the firm s to start abatement investment eurlier, a policy
planner can design a penalty scheme by reducing the increasing rate of penalty .

On co ndition of Case B, the optimal solution"exists. When ('u ) decreases ,

.ase B will become Case A in which eit her an optimal point or a sa ddle point exist, A
fur ther redu ction in the penalty increasing rate will lead to a saddle point solution
wh ich implies the immediate sta r t-up uf abatement investment will be beneficial to
pollute rs .

On condition of Case 0 which may be a saddle point or an optimal point, a
continua l decrease in ( '(t ) will change Case 0 into Case C which assures existence of

a saddle poin t.

(4) An the increase in emission volume results in a delav in abatement
•

invostmunt. Since high emission volume will result in high accumulated pollutants in
the e uviro ru nc u t and damage environmenta l quality. a penalty based on emission level
(cuncc n t.ra t io n ) seems to be not efficient enough to improve the environmental
s ituation . A further study is needed to extend the analysis tu a comparison between the
penalty based on emiss ion level , and un both emission level and emission volume ,
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In this paper, to simplify our analysis, we rejected the possibility uf the
modification of installed plant to meet up-revised regulatory standards, Actually, many
industries pay constant attention to new technology progress and may modify their
existing plants to meet the current standard 01' future trends. Future study can be
focused on the effect of repeated abatement investment unodifieation of an existing
installed anti-pollution equipment) on pollution reduction,

•
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