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ICSS cleaning-up aetivities and more pol-

outAppropriate Icvcls of emission chxrgr,s under the various
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Introduction

the enviPollution is an inevitable by-product of production and damages
ronment. Pollution also traverses national borders and is therefore an international probleni. Markot outcomes are efficient when all agents are priee
aud evtakers and when a cornplete set of cnntingent markets exists for each
of private property
ery commodity (e.g., Malinvaud, 1972), but the absence
rights
rights for a clean environment and associated markets for pollution
there will be too much
imply that market outcomes will be ineffiicient and
to
production and pollution (e.g., Uasgupta, 1982). Three main approaches
to
enforce
property
The
first
is
can
be
distinguished.
environmental policy
The probrights with binding quota restrictions on the amount produced.
to enforce, that
they
are
difficult
emission
standards
are
that
with
such
lem
lead to
they are associated with high administrative costs, and that they
Pigouvian taxes
economic inefficicncies. The second approach is to rely on
of a
and subsidies. Such emission charges correspond to the social price
damage they
unit of pollution and thus ensure that polluters pay for thc
market outcome
impose on the environment and that the non-cooperative
the missing markets by
is efficient. The final approach is to explicitly fill in
mostly focussed
introducing markets for pollutior: rights. lIere attention is
on the second approach.

emission charges
This paper characterises and compares the optimal
when each country sets its environmental policy in a non-cooperative manner
environmental
and when all countries coordinate their actions and set their
policy jointly'. It also discusses the potential gains from the international
corresponds to a decoordination of emission charges 1. The benchmark
countrics
centralised market outcome, which is relevant when none of the
static multipursues environmental policies. Section 2 starts with a simple
International policy coorcountry mode] with flow damage of pollution.
of
dination leads to higher emission charges and consequently lower levels
of environmental problems
~ híost of the previous literature on international aspeds
Iloel, 1990a, 19906) docs not consider
(e.g., Máler, 1989: van lerland, 1990; Krutilla, 1990;
pollutants and does not use the
explicitly the dynamics of the concentration level o[
dces seern explicitly concerned with
[ramework of differential games. Iiowever, other work
hnporlant recent work on the dynamic games
such dynamic issues as well (Iloel, 1990c).
may be (ound in Dutla auJ Snndaram (1989)
aesociated with the LragMly of the commons
and in Bcnhabib aud Radner (19g9).

difproduction. The remainder of the papet deals with the intricacies of
ferential game theory which arise when one considers the stock damage of
environmental pollution. Section 3 sets up the model. Section 4 discusses
the outcome under international coordination of emission charges. Sections
5 and 6 discuss the non-cooperative emission charges associated with, respectively, the open-loop Nash and the subgame-perfect (or feedback) NasL
equilibrium. The main result is that the open-loop Nash equilibrium seriously under-estimates the damage to the environment and thus leads to too
low levels of production and to too high levels of emission charges. Consequently, this solution concept also under-estimates the potential gains from
international policy coordination. Section 7 discusses the potential benefits
activities do
of efforts to clean up the environment and finds that cleaning-up
not occur if matters are left to the market and are highest under international
over-estimates
policy coordination. Also, the open-loop Nash equilibrium
the level of cleaning-up activities compared with the subgame-perfect Nash
and reducing
equilibrium. Section 8 discusses investment in clcan technology
debate
betwecn
this
to
the
environmental
pollutants
and
relates
the stock of
optimists, who believe that higher production benefits a sound environmenshould fall
tal policy, and pessimists, who believe that national production
for otherwise the environment will suffer irrepairable damage. Section 9
concludes the paper.

2

Flow damage of pollution

There are N countries denoted with the subscripts i- 1, ..., N. There is no
consumed
investment in physical capital, so what each country produces is
2. The net social benefits of production of country i, say Y„ are given by
as
B(Y;), B' 1 0, B" C 0, which are decreasing at large output levels
benefits
initially
netted
out.
Net
output
have
been
the costs of producing
increase with the level of production as this means a higher level of consumpis
tion, but at high levels of consumption the marginal utility of consumption
benefits decrease
much lower than the marginal utility of leasure so that net
with lhe h,vel of production. In the decentralised market outcome agents do
have too
not care about the environment, because their individual actions
control,
~For an overview of models with optimal capital accwnulation and pollution
~Nithagen
(1990).
The
see Tahvonen and Kuuluvainen ( 1990) and Van der Plceg and
claseic reference is Keeler, Spence and Zeckhauser ( 1971).

s
little effect on total pollution. The market outcome therefore corresponds
to Y, - YM - arg(max 8(Y)) and satisfies IJ'(Y,y) - 0.
v
Iluwevr~r, pullution is an inevitablc by-prudurt uf prudurl inn, ~rY„ whrn~
a~ 0 denotes the emission-output ratio. "l'he emission-output ratio is assumed to be ronstant; Section 7 dlRCllsses what happens when it can be
reduced by irrventnn,ut in ucw techuulogy. I'ullutiuu affectn all cuuutri~~s
immediate:. and, tor the time being, it is assumed that the flow of pollution F-(a~N)(~N rY~), affects social welfare directly. To be precise,
D(F'), D' 1 0, D" ~ 0, denotes the social damage caused by the emission
of pollutants by all of the countries concerned. The marginal social damage increases with the level of pollution. An example of pollution that is
detrimental to welfare as a flow is noise.
W hen the governments engage in pollution control, two outcomes should
be distinguished. The first is the non-cooperative Nash-Cournot outcome
(denoted by the subscript N) in which each government chooses its level of
production to maximise social welfare, B(Y,) - D(F), taking the actions of
the other governments as given. Each government then sets the marginal
benefits of an additional unit of production equal to its marginal social
damage. Symmetry yields:

B'(}iv) - (a~N)D'(aYN).

(2.1)

The second outcome prevails under international policy coordination (denoted by the subscript I), which is relevant when each government internalises the adverse effects of higher production and polution on the welfare
o( the other countries. Symmetry yields:

IJ'(}~l) - rrU'(ai`r)

( 2.2 )

Figure 1 compares the various outcomes. It is clear that Icaving mattcrs
to the market leads to the highest level of production and pollution, whilst
international coordination of emission charges leads to the lowest level of
production and pollution. The optimal emission charges per unit of pollution, P(Y,) -(a~N)},, are rN e D'(aYN) and r~ - ND'(aY~), respectively,
and the revenues trom these levies ara redistributed in a lump-sum fashion.

The market then sustains the social optimal outcomes, because when individual agents maximise B(Y,) - r~,P(Y,) or B(Y,) - r~P(Y,) the economy
ends up with Y, -}N or Y, - Y~, respectively. The main results can be
summarised by Y'~ C YN G Y~y and r~ 1 r~, 1 r,y - 0. Failing to coordinate
emission charges leads to too much pollution.
Figure 1:
International coordination of environmental policies with flow damage of
pollution

~ ~ ~r( ~,Y 1

(ti,)T~,

S"n~

f
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Stock damage of pollution 3

'I'he tnain thrust of the present paper is concerned wit.li the stock rather
than the flow damage of pollution. Assume therefore that the concentration
level of pollutants in the environment changes over time according to:
N

S - (a~N)(~Y,) - áS, .S(0) - So
;-t

(3.1)

~'Che modcl in lhis section is based on Chapter g of Uasgupta (1982) and extends it to
allow for multiple countries.

5

where 6~ 0 denotes the depreciation rate of the pollution concentration.
Sotne pollutants (e.g., pesticides like DDT) are dcgraded at a very slow rate,
others (e.g., herbicides) at a much faster rate. Ecologists warn of the danger
that, when the concentration level becomes too large, pollutants become
non-degradable, but here attention is focussed on a constant depreciation
rate. The concentration of the pollutant can also be decreased by cleaning
up the environment, but this will not be discussed until Sections 7 and S.
The main externality arises, because all countries contribute to pollution
oí the world. This is not unrcasonable for pollution of thc air (e.g., the
stock of S02 in the air). In general, it is more reasonable to assume that
production at home pollutes the environment more at home than abroad,
but this modification does not alter the qualitative nature of the steady-state
results (sec Appendix).
The welfare function of government i is given by

W; - ~~ exp(-rt)[I~(Y(:)) - D(s(t))1rtt,
,
,
t

(3.2)

where r denotes the social rate of discount (or the consumption rate of
interest) and D(S), D' ~ 0, D" ~ 0, denotes the social damage caused by
a high mncentration of pollutants. The damage can be direct (e.g., the
c(fect of pollntr,rl air nn hcalt.h) or indirect through prodnction clsewbem
(e.g., thr. effect of polluted air on laundry companies or on agricultura!
enterprises). Some pollutants display threshold effects (e.g., below a certain
level of concentration of smog trees survive, but above this level trees do not
survive), but such non-convexities will not be considered.

4

International coordination of emission charges

LJnder international coordination of environmental policies denoted by the
subscript !, the countries jointly choose {)'r(t),...,YN(t),t 1 0}, to maximise global welfare W-(E;`'~W;) subject to (3.1)-(3.2). 1'his yields the
following optimality conditions:

IT(}'~(t)) - (a~N)rt(t), t ~ 0

(4.1 )

ND'(S~(t)) - órl(t) t r7(t~) - rr~(2), t~ 0

(4.2)

where r denotes the optimal emission charge. The shadow price of the
roncentrat.iou level (the co-stalc variable of the optimal control problem),
corresponds to the negative of the optimal emission chargc, su r can also bc
interpreted as the marginal loss in welfare arising from a unit increase in thc
conccntration Icvel of the pollutant. Equation (4.1) says that the marginal
benefit of production, f3'(f'r), should then equal the marginal damage arising from a higher concentration level of pollutants caused by an additional
unit of production, (a~A~')r~. The concentration level of the pollutant is a
stock with a negative social value, -r~. [n equilibrium the social rate of
return on holding this asset, i.e., the marginal social damage for all countries concerned minus the rate of depreciation plus the expected capital loss,
should equal thc market rate of retnrn on any othcr asset, r. 'Phis cundition corresponds to equation (4.2). Equation (4.1) yields the optimal level
of production as a negative function of the product of the emission-output
ratio and the emission charge, say Yf -~(orr~N),~' - 1~U" c 0, so that
the development of the concentration level and the emission charge can be
described by:

Sr - n~(arr~N) - óSt,

Sr(~) - So

r~ - (r t é)r~ - NU'(S~).

(4.3)

(4.4)

The determinant o[ the system (4.3)-(4.4), -ó(r f ó) t a~D"~', is negative, since S is predetermined and r~ is unconstrained by its past history.
The phatie diagram presentcd in 1'ignrc 'l confinns t.his saddlepoint proporl.~~.

II, is 1'II':Lr tllat LIIP fUnCPrII,raldrlrl Icvr~l uf Ihr pnllnta.ul. a.nd upt.inr:rl

emissiou charges muve up aud duwu lugethcr. Au enviruniucutal disaster
causes an increase in the concentration level of the. pollutant (a move from
I to A). The governments immediately respond to the disaster together by
increasing the c,mission charges (a rnovc from A to 13). The private sector
produces, consumes and thus pollutes Iess. Along the saddlepath, SS, the

7

concentration level and emission charges diminish until everything is back
to normal again ( a move from B to I). It is obvious from Figure 2 that the
market outcome, which prevails when there are no emission charges, leads
to higher production and pollution than the outcome under international
coordination of emission charges.
Obviously, when the governments jointly set an average emission charge
o[ rf per unit o( pollution, say P(Y,) -(a~N)Y,, i- 1, ..., N, private agents
choose Y; to maximise f3(Y, )-r~P(Y;) which yields ( 4.1) and thus the market
is [orced to behave in a socially optimal way. T'he revenues of the emission
charges are redistributed in a lump-sum fashion and everyone is better ofí.
'l'his is oue way of introducing the missing markets for pollution rights.
Figure 2:
Optimal emission charges and pollution management

i

5

Non-cooperative emission charges:
Open-loop information sets

Now consider the situation where individual govcrnments set their environmental policy without taking into account the adverse effects of higher
Ievels of production and consurnption on the social welfare of other countries. An appropriate solution requires the use of di(ferential game theory
(e.g., Ba~ar and Olsder, 1982), which has previously been used in the the-

a
ory of oligopoly extraction of a common renewable property resource (e.g.,
Smith, 1968; Reinganum and Stokey, 1985; van der Nlcx~g, 1987). 'Che first
non-cooperative solution concept considered is the open-loop Nash equilibrium (indicated by the subscript N) 4. The optimal production levels and
emission charges of each country are conditioned on the initial concentration
level of pollutanta, So, and time, and countries are supposed to stick to their
policies. This corresponds to open-loop information patterns and to infinite
periods of ~ommitment (cf., Reinganum and Stokey, 1985). Each country
takes the environmental policies of the other countries as given. This yields
in symmetric equilibrium:

S~, - a~(arN~N) - 6SN, SN(~) - SO

(5.1)

rN - (r t 6)rN - D~(S1v).

(5.2)

'I'he main difference arises írom the marginal social damage of an additional
unit of production being only one N-th of that in the cooperative outcome.
This means that in Figure 2 the slope of the T~r - 0 locus is N times
smaller than the slope of the rl - 0 locus, so that the non-cooperative
open-loop Nash equilibrium has in the steady state a higher concentration
level of pollutants and a lower emission charge than the cooperative equilibrium. The reason is that, in the absence of international policy coordination, each country ignores the adverse effects on foreign social welfare of
an additional unit of production and pollution and therefore produces too
much. Non-cooperative setting of emission charges is of course better than
leaving matters to the market, so that SI(oo) C S1v(oo)
r!(~) ~ rN(~) ~ rM(~) - 0.

c

S,y(oo) and

cWithin the context o[ the optimal harvesting o[ a common renewable resource one
often finda that the prevailing use of open-loop information concepts seriously undereatimates the environmental damage. With iso-elastic demand and zero extraction costs,
the open-loop Nash equilibrium leade to Pateto efficient harvesting rates whilst the feedback Nash or perfect equilibrium leads to ó0o rapid extinction of the renewable resource
(vsn der Plceg, 1987). Section 6 aleo finda that the open-loop Nash equilibrium undereetimates the damage csused by pollution and leada to too low emiasion chargee.

s
For future reference, it is useful to give an explicit solution for the case
that the net social benefits ( unction and the social damage function are
quadratic, say B(Y) -~iY - zYz and D(S) - zryS~:
[r

A

~6 } `r
6~~

~ Q~

~ SN(~)
-

~

b } ~NI~~

Snf(~) - (
áJ ~

(5.3)

Note that, as the number of countries becomes larger, the non-cooperative
open-loop equilibrium valucs for the concentration level o( pollut.ants and
the levels of production converge to the market va.lues, even though tlle
non-cooperative emission charges converge to a finite number, yap~á(r f b).
When the governments jointly set an emission charge of rN per unit of
pollution, private agents choose }', to maximize II(Y;) - r~rY(Y,). 'This is
the Pigouvian tax scheme for the case of open-loop information patterns and
infinite periods of commitment. Since the emission charges are lower than
in Lhe cooperative outcome, there is excessive pollution.

6

Non-cooperative emission charges:
Subgame-perfect outcome

The problem with the open-loop Nash equilibrium solution is that it relies on unrealistic information sets and an infinite period of commitment.
[t is much more realistic to assume that countries can condition today's
production decisions on today's concentration level of pollutants. In that
case, the appropriate non-cooperative solution concept is the feedback Nash
equilibrium ot the subgame-perfect (Markov) outcome (denoted by a subscript F) which corresponds to a zero length ot commitrnent (Ba~ar and
Olsdcr, 1982; Reinganum and Stokey, 1985; van der Ploeg, 1987; Fershtman
and Kamien, 1987; Reynolds, 1987; Fershtman, 1989; van der Ploeg and
de 'L(ruw, 1990). The solution is now obtainrd witó the aid of Rcllman's
dynamic programuling rather than I'ontryafiin's maxinlwn priuciplc. "fhis
ensures that i( them is a shock leadiug to a deVlatloll from the eqnilibrium
pató, th(~ f(v~dback rul~s for tho levrls uf prvduction are at lator datos st.ill
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optimal to carry out if called upon to do so. The policies of the open-loop
Nash equilibrium are rational to carry out if called upon to do so at a later
date, only as long as there are no deviations from the equilibrium path.
In other words, the open-loop Nash equilibrium is time-consistent but not
subgame-perfect. In order to obtain analytical results, attention is focussed
on the case of quadratic net social hcnefits and social damage functions.
Let V;(,5'. t) denote the value function of country i, i.e., the equilibrium
maximal vaiue of the discounted stream of net social benefits minus social
damage, from time t onwards. Then the Hamilton-Jacobi-E3ellman equation
for country i can be written aF (ollows:
rV,{S,t) - [t9V;(S,t)~dt] - max{(jY, - ~Y~ - ~ryS2
Y,

N

t(av,(s,t)las][(~~N)(~Y;)-ós]}.
;-~

(s.~)

Y;(S,t) - ~(-(a~N)[8V;(S,t)~8S]) - (3 -~ (a~N)[8l;(S,t)~8S].

(G.2)

This yields

Upon postulating a functional form for the value function, V,(S,t) - au; o~;S - zoz;5~, substituting this and (G.2) into (G.I), imposing symmetry
and equating ccefficients on S and SZ, one obtains the following differential
equations:
~ (2N - ll
-(r f 6)0~ -(oA)os t o l NZ J o~02

~2-(rf2á)ozto

2r2N-11 Z
l N2 los-7-

(G.3)

(G.4)

'I'he stationary solution for ai and o2, associated with a coucave value function (az; ~ 0), is unstable, so that the transient solution for o~ and oi must
always equal the stationary solution:

It

aQo,
Ol- (rfÁ}a~(~~,zl)o2

o

10

(6.5)

( (r t 26) ~- [(r t 2ó)~ t 47ct2 ( ~)]~
l , 0.
s - I 2QZ ~~1`

J

( 6.6 )

The optimal emission chazges are

rF - -[aV,(S,~)Ids'1- oi t osS,

(s.7)

so that the development of the concentration level of the pollutant is given
by

SF, SF(O) - So.
SF - [aQ - o~ (
N ~ 1 - [ó } oZ `N ~ 1

(6.8)

Equation (6.8) is stable and yields the steady-state outcome:

SF(~) -

áQ - ~2(O1,N)

( 6 f a~(oz~N)

~

(6.9)

Comparing this outcome with the steady-state outcome for open-loop information patterns and pre-commitment, derived in Section 5, the following
result is obtained.

Propoaition 8.1:

S~(oo) G SN(oo) ~ SF(oo) C S1y(oo) and rl(oo) ~

rfJ(00) 1 rF(00) 1 r,y - 0 hold.

Proof: The first inequalities already appeared in (5.3) and the third inequalities are, given that o~,02 1 0, obvious. Consider now the second
inequality for the concentration levels of the pollutants. Since

12

n(1 - n'(~IIN) - nli

~r}6}nz~~,nzl
-~ ll

((i.10)

r { h } rr~ (j~~) r'1

holcls, one has using (5.3) and (6.9) to prove that,

~r}ótaz~~~ozl
6 f~ N(.}6)
tr~-~

C

b-F az(oz~N)
`r}6}az~~~oz~

(6.11)

or

(rf26)oztaz~

2N-1
~a?71 (N-1
Nz )oi-7C
rt6J ` Nz )az-

( 6.12 )

This last inequality is immediately clear from oz ~ 0 and from the fact that
the right-hand side of (6.4) has to be zero, because then the left-hand side
of (6.12) is zero whilst the right-hand side of (6.12) is strictly positive. The
second inequality for the optimal emission charges then follows immediately
from~CO.

o

1[ence, thc open-loop Nash equilibrium under-estimates thc damage of not
conrdinating emissinn charges for the environment. 'PLe appropriate non(cxiporal.ivoeynilibrinm PPCInR thl` PIIIIgattlP pf`rlPl't Cq111IlI1r111111, which,yiolds

more pollution than the open-loop equilibriutn eud a fortiuri more than th(`
cooperative equilibrium but less pollution than the market outcome. The
intuition is as follows. An individual country that is considering to produce
a marginal amount more causes an increase in the concentration level ot
pollutants for all countries concerned. In the feedback Nash equilibrium this
country knows that the other countries will respond with somewhat higher
emission charges, lower production levels and thus less pollution. This means
that the marginal damage caused to the environment of an additional unit
of production is less than it would be in the open-loop Nash equilibrium, so
that in equilibrium the incentive to have more production and pollution will
be higher in the feedback Nash than in the open-loop Nash equilibrium.

13
The appropriate Pigouvian tax scheme for this case of feedback information patterns and a zero length of commitment are to set an emission
charge of rp per unit of pollution. Emission charges are lower than in the
open-loop case, so there is more pollution.

7

Efforts to clean up the environment

Countriea can engage in efforts to clean up the environment. This yields an
additional externality, because cleaning up rubbish is a public good as all
countries benefit from it. The problem for the government of country i is
then to choose {Y,{t), J;(t), t 1 0}, where J; denotes the efforts of country i
in cleaning up the environment, in order to maximise its wel(are function,

W; - I W exp(-rt)[B(Y,) - C(J;) - D(S)]dt
Jo

(7.1)

where C(J;), C' ~ 0, C" ~ 0, denotes a convex cost (unction, subject to
the equation of the development of the concentration level of pollutauts,
N

N

S - (áIN)(~Y,) - áS - (lIN)(~J;),
~-i
~-t

S(~) - So.

(7.2)

The market outcome is una(íected, because private agents do not find it
optimal to engage in abatement activities. The outcome under international
coordination of environmental policies yields, besides (4.1) and (4.2),

C'(J~(t)) - (1~N)r~(t)

(7.3)

which says that the marginal cost of cleaning up one unit of rubbish equals
the marginal social benefit of this activity. The development of the concentration level of the pollutants and the emission charge is thus described
by:

5'f - n~(art~N)- bSt - d~(r~~N).

S~(~) -,5~,~

(7A)

14

and (4.4), where rl,~ - 1 ~C" 7 0.

'I'he best outcome, i.e., the outcome under international cuordination of
environmental policies can not be sustained by the market alone, i.e., by
levying emission charges equal to r~, because at the same tiwe governments
the
must intervene and spend resources in cleaning up the environment to
governments
levy
an
emission
when
individual
Alternatively,
level of J~.
charge of r~ and give a subsidy of (rf~N) per unit of private investment in
cleaning up the environment, the market is forced to behave in a socially
optimal way. The reason is that when individual private agenta in country i
choose {Y;, J;} to maximise net profits, B(Y;) -C(J;) - r~P(Y,) t(r~~N)J;,
they behave in a way that leads to the same outcome as under international
policy coordination.
The non-cooperative (open-loop Nash) equilibrium is given by (5.2) and

Sr,, - a~(ar~r~N) - 6SN - rG(rN~N), sN(0) - so.

(7.5)

The explicit steady-state solution for a quadratic net social benefits function, a quadratic social damage function and a quadratic cost function, say
C(J) -~BJ~, leads to the following modification of (S.d):

ap

s~(~) - (ó t [a~ t (})1(rta)

G Sly(~) -

ap
1 ó f[a~
t(b)1 (N(rtd )~

G Sn~(~) - 6 .

The feedback Nash equilibrium is given by (6.2),

J;(s,t)-~(-(1~N)(av(s,t)~as1)--(1INB)[av;(s,t)~asl

(7.7)

still holds,
and (6.5)-(6.9) with a~ replaced by (a2 } (I~B)). Proposition 6.1

{s
so that Sr(oo) G SN(~) C SF(~) ~ S,~r(oo) and Tr(oo) 1 rly(oo) ~
rp(oo) ~ r,N - 0. Furthermore, efforts to dean up the environrnent do
not occur in the market outcome, are the lowest for the non-cooperative
subgame-perfect outcome and the highest for the cooperative outcome
(1r(oo) ~ JN(oo) ~ JF(~) 1 JM(~) - ~). Thie follows immediately from
(7.3). Hence, the subgame-perfect outcome leads to less cleaning-up activities than th~ open-loop outcome. Finally, it follows as before that the level of
productiou is highest in the market outcome and lowest under intetnational
policy coordiaation and the open-loop Nash equilibrium under-estimates the
level of production and pollution and the potential gains from coordination
(YM(~)

~ YF(oo) ~ Yrr(oo} ~ Yt(oo)).

The possibility of cleaning up the environment, even at a cost, leads
to lower concentration levels of pollutants for the cooperative and the noncooperatíve outcomes, which is not very surprising of course. It will be
interesting to analyse the trade-off between investment in cleaning up, investment in clean technology and more production ( see Section 8).

8

Investment in clean technology:
Optimists versus pessimists

'1'he previuus sectiou analysed the puteutial beuelitx of cleaniug up the stuck
of pollutants. Although this describes an important featurc of cuvironmenlal problems and is relativcly straightfurward to aualyae, it is probably more
satisfactory to assume that cleaning activities affect the rate at which pollutants are dissolved and to allow íor investment in new, cleaner technology.
These efforts will leave less resources available for private consumption. The
disadvantage of this more realistic approach is that the non-cooperative,
subgame-perfect outcome is difficult to calculate. Hence, attention will be
focussed on comparing the market outcome (M) with the outcome under
international policy coordination (!) and with the non-cooperative, precommitment outcome (N). The crucial question is whether one should side
with the optimists or the pessimists in the environmental debate. The pessimists argue that the only way to safe-guard the environment is to cut
production, whilst the optimists argue that the best policy is to increase
production because then more resources aze available for investment in clean
technology and improving the rate of degradation. This section attempts to
shed some light on thie important policy issue.
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By investing in the stock of clean technology, say K, a country can
reduce the emission-output ratio a(K),a' G O,a" 1 0. Clean technology
is assumed to be public knowledge, so that all countries benefit from the
investment I; in clean technology of an individual country i:
N
K - (~I;) - PK, K((f) - Ko
;-r

(8.1)

where p~ 0 denotes the rate of depreciation of the common stock of clean
technology. There are convex adjustment costs associated with investment
in clean technology, say A(I;), A(0) - A'(0) - 0, A" 1 0, so that it is not
possible to instantaneously change the stock of clean technology. Individual
countries can also spend effort, say J;, on reducing the prevailing depreciation rate of the concentration level of pollutants, so that instead of (3.1)
one has:
N

N

S - (o(h~)IN)(~Y;) - ó(~J;)S,
;-i
;-r

S(0) - Su

(8.2)

where 6' ~ 0. There are diminishing returns to cleaning up the environment, so that À" C 0. Since the amount left over irom total production for
consumption purposes in country i equals C; -(Y; - I; - A(I;) - J;), the
welfare function of country i can be written as
W, -~~ exp(-rt)(B(Y;(t) - I;(t) - A(I;(t)) - J;(t)) - D(S(t))]dt
0

(8.3)

instead of (7.1). The government of country i now chooses {Y;(t), I;(t), J;(t),
t 1 0} in order to maximise (8.3) subject to (8.1)-(8.2).

8.1

International policy coordination

The market outcome is the usual glum state of affairs: the level of production is set without taking into account environmental considerations and no
investment in clean technology or deaning up Lhe environment takes place
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(Y; - Y,y,l; - 0, J; - 0). The outcome under international coordination of
environmental policies yields the firat-order conditions:
B'(Y - ! - A(!) - J) - (at(K)~N)r - 6'(NJ)Sr

(8.4)

B'(Y - I- A(I) - J)(1 } A'(I)] - 9.

(8.5)

Equation (8.4) says that the social benefit of a marginal increase in consumption must equal the marginal damage to the environment associated
with the increase in production and must also equal the marginal damage
to the environment associated with the reduction in cleaning-up activities.
Equation (8.5) says that the marginal benefits from one unit less of investment in clean technology should equal the shadowprice of clean technology,
q. In addition, the user cost of the stock of clean technology (rental charge
plus depreciation charge minus capital gains) must equal the marginal benefit of an extra unit of capital stock required for cutting the emission-output
ratio:
(r t p - (9~9)]4 - -rrr'(h~)Y

( 8.6 )

Similarly, the user cost of the stock of pollutants must equal the marginal
social damage:
[r } 6(NJ) - (T~r)]r - ND'(S).

(8.7)

In order to perforw the comparative statics of the stead,y state, it is for
simplicity assumed that there are no cleaning-up activities (J; - 0) and that
the stock of clean technology dces not depreciate (p - 0) so that from (8.1)
the steady-state levels of inveatment in clean technology are zero (I; - 0). It
follows that the levels of consumption equals the level of production (C; Y;). Combining the second equality of (8.4) with (8.5) and the steady state
of (8.6), one obtains the following long-run relationship:

C - Y - -r ~a(k')~ ~N - ~WN~ fr

(R.8)

ls
relationship between the emissionwhere an iso-elastic function for the
has been assumed, i.e.,
technology
stock
of
clean
output ratio and the
w G~ holds. In other words, Lhe
á(K) - aoK-W,~ 1 0. IL is assumed that
to the stock of clean
levels of production and consumption are proportional
higher the efficiency
technology,
the
of
clean
technology. For a given stock
rate o( time preference,
of the atock of clean technology, ~, and the lower the
production. Combining (8.2), the
the lower the levels of consumption and
obtains
with D(S) - 2ryS2:
first equality of (8.4) and (8.7) one
(r ~ h)

B (Y) - rycY(lí )Y~ë
~n(K)~

(8.9)

5ubstitution uf (R.8) into (8.9) yields wit.h ll(}') - (jY - ZY2.
(r } ó)b(~3~N - rlít) - r7aólíi-2W,

(8.10)

of ( 8.10) are portrayed
'The left-hand side (LHS) and right-hand side ( RI{S)
the
eíficiency
of clean technology,
increase
in
in Figure 3. One sees that an
technology. Whether
„i' ) ~;, gives rises to an increase in the stock o( clean
on the elasticity of
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stock
oí
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to
the
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then
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and consequently
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Figure 3:
Higher efficiency of the atock of clean technology
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8.2

International stalemates in pollution control

In the absence of inten~ational policy coordination, the oponJexip Nash outcome yielda (8.4), (li.5), (8.6) and, instcad of (S.7),

[r } 6(NJ) - (i~r)Jr - D'(S).

(8.11)

Hence, the marginal social damage taken account of by each of the countries
is N times less as under international policy coordination because the adThe
verse effects of more pollution on other countries are not internalised.
equivalent long-run relationship to (8.10) tor non-cooperative policy making
is given by:
(r t 6)bN(QwN - rlíiv) - rryaóK~, ~W.

(8.12)

'!D

For example, if w- Z, then KN -(~) -~l,~b bN~ ~ 1't a"d yM -(3 1
yN -~-( v~(rtb)b
Z'""" )~ Y~. This is perhaps a somewhat counter-intuitive result, but arises hecause the marginal benefit of consumption and production
should equal the marginal benefit Lo the environment oï an additioual unit
of investment in clean teehnology ( cf., exprc.tision ( 8.9)). Ilence, absence of
international coordination of pollution control leads to too high levels of production and consumption but also to too excessive levels of stocks of clean
technology. Figure 4 suggests that this result is fairly generaL It is crucial
to know what happens to the concentration level of pollutants. Competitive
whether
decision making can increase or decrease this level depending on
the increase in productíon or the increase in clean technology dominates.
in the latter
In the former case one is in the camp of the pessimists, whilst
special
case
w- 2, it is
optimists.
For
the
in
the
camp
of
the
case one is
easy to show that international coordination of pollution control leads to a
lower concentration level of pollutants (SI C Slv), giving in this case some
support to the pessimists. Hence, if w- Z, international coordination leads
pollutants.
to lower levels of production, consumption, clean technology and
Figure 4:
International coordination of investment in clean technology
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Concluding remarks

It has been established that when the market is le(t. to its own devices there
will be too much pmduction and too much pollution, because effectively no
price is charged for the right to darnage Lhe environment. When individual
governments do charge a price by levying emission charges, production and
pollution fall and the environment improves. When individual governments
coordinate the setting of emission charges, these charges will be higher and
lead to even lower levels of production and pollution. As far as the noncooperative outcome is concerned, it is important to use the subgame-perfect
or feedback Nash equilibrium rather than the open-loop Nash equilibrium,
because otherwise the optima.l emissiun charges will be uuder-ostitnated aud
the levels of production and pollution will be too high. When one allows
for efforts to clean up the environment, one finds that less of this occurs in
the subgame-perfect, non-cooperative outcome than in the open-loop, noncooperative outcome and a fortiori less than in the cooperative outcome.
When one allows for investment in clean technology and e(forts to arrest
the degradation of the environment, it is possible that the adverse effects of
excessive levels o( production on the environment which occur when there
is no international coordination of pollution control are outweighed by the
beneficial effects of excessive Ievels of investment in cleau technology ou the
environmeuL. Tu that case, onc may side with the optintists rather than thc
pessimists in the environmental debate.
Future research will be concerned with the environmental aspects of
the Ramsey problem (e.g., Blanchard and Fischer, 1989, Chapter 2) and
allows one to investigate in what way environmental considerations lead
the economy away from the golden rule. Although much work in this area
has already been done (e.g., Keeler, Emmett and Zeckhauser, 1971), not
much has been done within an international context. It is also of interest to
analysQ the effects of population growth, because this has a beneficial effect
on economic growth but a detrimental effect on the environment. Future
research will also be coucerned with multi-country models of environmental
control with an explicit treatment of two sectors, one production sector and
one abaternent sector (cf., Siebert, 1987; Musu, 1989).
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Appendix:

More pollution at home than abroad

This Appendix shows that when it is assumed that production at home
pollutes the environment more at home than abroad, the steady-state results
do not change. Hence, the model in Section 3 is extended to allow for
separate pollution levels in each country, S;, i - 1,...,N. It is assumed
that a fraction a of the emission remains at home, whereas the rest of the
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emission spreads out to the other countries, hence (3.1) becomes

(1 - x)a
S;-aoY;f (
N-1

S;(0) - S;o,

rv
)

~ Y~
i-rá;f~

-65~.

i- 1, ..., N.

(3.1')

When one defines the global concentration level of pollutants as S( ~t-i
N S~
~ ~N, one obtains (3.1) by adding up. The welfare function of
govcrnmcnt i ia now given by

W, - ~~ exp(-rt)(B(Y;(t)) - D(S;(t)]dt.

(3.2')

It is clear from considera.tions of symmetry that the steady-state results will
not change. A more formal analysis ot the open-loop case yields for each
country shadow prices tor the pollution levels oï the other countries. These
shadow prices tend to zero in the long run. A more formal analysis of the
feedback case requires value functions oC the form T~;(S;,t) - oo; - or;S; zo2;S? for country i, i- 1,...,N, which do not depend on S„ j~ i. From
there the steps in Section 6 are unaltered. Hence, allowing for rnore pollution
at home than abroad dces not change the steady-state results.
However, a much more interesting issue to look at is asymmetries in
emissions. The problem of "down-stream" pollution is, of course, a classic
one. For exa.mple, the pollution associated with industrial production in the
Ruhr area of West Germany ( country 2) is dumped in the Rhine and poses
serious environmental problems down-stream in the Netherlands ( country
1). Another example is the butning of fossil fuel in factories in the United
Kingdom ( country 2), which causes acid rain and destroys forests in Scandinavia ( country 1). In the model such asymmetries are best captured, for
the case N- 2, by allowing the Craction of the emission to remain at home
to be smaller for country 2 than for conntry 1, a~ ~ Ay. 'I'he extreme case
is, of course, t.hat aIl the pollution uf country 2 ends up in count.ry 1, sa,y
ai - I,xt - 0, whirh yiclds

Si - o(Yi f Yz) - 6Si, Si(~) - Sio

(3.1")
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chooses
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try always
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has to accept the resulting damcountry
simply
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The
charges.
will levy higher emisage to the environment. The government of country 1
than would be the case
sion charges, but still ends up with more pollution
To be precise, the concentrawhen the up-stream country did not produce.
down-stream country
tion level ot pollutants and the emission charge of the
satisfy:
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S rN(~) - Sr0
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would
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double
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in
both
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conditions,
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globa] welfare. Apart from
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Za~iy
-(2azy t 6(r t 6)
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(át2~tr~
)
b
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~

riN(oo) and

c SiN(~).

Hence, the benevolent planner levies the same emission charge on both countries, the up-stream country is obviously worse off and the down-stream
country, whose producers now face a lower emission charge, is better off.
The welfare gain of the down-stream country exceeds the welfare loss ot the
up-stream country. The down-stream country must make side-payments,
and finds it optimal to do, in order to induce the up-stream government to
levy the right amount of emission charges.

Diacussion Paper Seriea,

CentER,

Tilburg Univeraity,

The Netherlands:

(For previous papers please consult previous discussion papers.)

No.

Author(s)

Title

8938

G. Marini

Monetary Shocks

8939

W. Gtlth and
E. van Damme

Equilibríum Selection in the Spence Signaling
Game

8940

G. Marini end
P. Scaramozzino

Monopolistic Competition, Expected Inflation
and Contract Length

8941

J.K. Dagsvik

The Generalized Extreme Value Random Utility
Model for Continuous Choice

8942

M.F.J. Steel

Weak Exogenity in Misspecified Sequential
Models

8943

A. Roell

Dual Capacity Trading and the Quality of the
Market

8944

C. Hsiao

Identification end Estimation of Dichotomous
Latent Variables Models Using Panel Data

8945

R.P. Gilles

Equilibrium in a Pure Exchange Economy with
an Arbitrary Communication Structure

8946

W.B. MacLeod and

Efficient Specific Investments, Incomplete
Contracts, and the Role of Market Alternatives

J.M.

Malcomson

van Scest and
Kapteyn

and the Nominal

Intereat Rate

The Impact of Minimum Wage Regulations on
Employment and the Wage Rate Distribution

894~

A.
A.

8948

P. Kooreman and
B. Melenberg

Maximum Score Estimation
Response Model

8949

C. Dang

The D -Triangulation for Simplicial
Defo~ation Algorithms for Computing
Solutions of Nonlinear Equations

8950

M. Cripps

Dealer Behaviour and Price Volatility in
Asset Markets

8951

T. Wansbeek and
A. Kapteyn

Simple Estimators for Dynamic Panel Data
Models with Errors in Variables

8952

Y. Dai, G. van der Laan,
D. Talman and
Y. Yamamoto

A Simplicial Algorithm for the Nonlinear
Stationary Point Problem on an Unbounded
Polyhedron

8953

F. van der Plceg

Risk Aversion, Intertemporal Substitution and
Consumption: The CARA-LQ Problem

8954

A. Kapteyn,

Interdependent Preferences: An Econometric
Analysis

S. van de Geer,
H. van de Stadt and
T. Wansbeek

in

the Ordered

No.

Author(s)

Title

8955

L. Zou

Ownership Structure and Efficiency: An
Incentive Mechanism Approach

8956

P.Kooreman and
A. Kapteyn

On the Empirical Implementation of Some Game
Theoretic Models of Household Labor Supply

8957

E. van Damme

Signaling end Forward Induction in a Market
Entry Context

9001

A. van Scest,
P. Kooreman and
A. Kapteyn

Coherency and Regularity of Demand Systems
with Equality and Inequalíty Constrainta

9002

J.R. Magnus and
B. Pesaran

Forecasting, Misspecification and Unit Roots:
The Case of AR(1) Versus ARMA(1,1)

9003

J. Driffill and
C. Schultz

Wage Setting and Stabilization Policy in a
Game with Renegotiation

9004

M. McAleer,
M.H. Pesaran and
A. Bera

Alternative Approaches to Testing Non-Nested
Models with Autocorrelated Disturbances: An
Application to Models of U.S. Unemployment

9005

Th. ten Raa and
M.F.J. Steel

A Stochastic Analysis of an Input-Output
Model: Comment

9006

M. McAleer and
C.R. McKenzie

Keynesian and New Classical Models of
Unemployment Revisited

9007

J. Osiewalski and
M.F.J. Steel

Semi-Conjugate Prior Densities in Multivariate t Regression Models

9008

G.W. Imbens

Duration Models with Time-Varying
Coefficients

9009

G.W.

An Efficient Method of Moments Estimator
for Discrete Choice Models with Choice-Based
Sampling

9010

P. Deschemps

Expectations end Intertemporal Separability
in en Empirical Model of Consumption and
Investment under Uncertainty

9011

W. Gi1th and
E, van Damme

Gorby Games - A Game Theoretic Analysis of
Disarmament Campaigns and the Defense
Efficiency-Hypothesis

9012

A. Horsley and
A. Wrobel

The Existence of an Equilibrium Density
for Marginal Cost Prices, and the Solution
to the Shifting-Peak Problem

9013

A. Horsley and
A. Wrobel

The Closedness of the Free-Disposal Hull
of a Production Set

Imbens

No.

Author(s)

Title

9014

A. Horsley and
A. Wrobel

The Continuity of the Equilibrium Price
Density: The Case of Symmetric Joint Costs,
and a Solution to the Shifting-Pattern
Problem

9015

A. van den Elzen,
G. van der Laan and
D. Talman

An Adjustment Process for an Exchange
Economy with Linear Production Technologies

9016

P. Deschamps

On Fractional Demand Systems and Budget
Share Positivity

9017

B.J. Christensen
and N.M. Kiefer

The Exact Llkelihood Function for an
Empirical Job Search Model

9018

M. Verbeek and
Th. Nijman

Testing for Selectivity Bias in Panel Data
Models

9019

J.R. Magnus and
B. Pesaran

Evaluation of Moments of Ratios of Quadratic
Forms i n Normal Variables and Related
Statistics

9020

A. Robson

Status, the Distribution of Wealth, Social
and Private Attitudes to Risk

9021

J.R. Magnus and
B. Pesaran

Evaluation of Moments of Quadratic Forms in
Normal Variables

9022

K. Kamiya and
D. Talman

Linear Stationary Point Problems

9023

w.

Good Times, Bad Times, and Vertical Upstream
Integration

9024

c. Dang

The D2-Triangulation for Simplicial Homotopy
Algor3thms for Computing Solutiona of
Nonlinear Equations

9025

K. Kamiya and
D. Talman

Variable Dimension Simplicial Algorithm for
Balanced Games

9026

P. Skott

Efficiency Wages, Mark-Up Pricing and
Effective Demand

902~

C. Dang and
D. Talman

The D1-Triangulation ín Simplicial Variable
Dimension Algorithms for Computing Solutions
of Nonlinear Equations

9028

J. Bai, A.J. Jakeman
and M. McAleer

Discrimination Between Nested Two- and ThreeParameter Distributions: An Application to
Models of Air Pollution

9029

Th. ven de Klundert

Crowding out and the Wealth of Nations

j030

Th. van de Klundert
and R. Gradus

Optimal Government Debt under Distortionary
Taxation

Emons

No.

Author(s)

Title

9031

A. Weber

The Credibility of Monetary Target Announcements: An Empirical Evaluation

9o3z

J. Osiewalski and
M. Steel

Robust Bayesian Inference
Regression Models

9033

C. R. Wichers

The Linear-Algebraic Structure of Least
Squares

9034

C. de Vries

On the Relatïon between GARCH end Stable
Processes

9035

M.R. Baye,

Aggregation end the "Random Objective"
Justification for Disturbances in Complete
Demand Systems

9036

J. Driffill

The Term Structure of Interest Rates:
Structural Stability and Macroeconomic Policy
Chenges in the UK

903~

F. van der Plceg

Budgetary Aspecta of Economic and Monetary
Integration in Europe

9038

A. Robaon

Existence of Nash Equilibrium in Mixed
Strategies for Games where Payoffs Need not
Be Continuous in Pure Strategíes

9039

A. Robson

An "Informationally Robuat Equilibrium" for
Two-Peraon Nonzero-Sum Games

9040

M.R. Baye, G. Tian
end J. Zhou

The Existence of Pure-Strategy Nash
Equilibrium in Games with Payoffs that are
not Quasiconcave

9041

M. Burnovsky and
I. Zang

"Costless" Indirect Regulation of Monopolies
with Substantial Entry Cost

9042

P.J. Deschamps

Joint Tests for Regularity and
Autocorrelation in Allocation Systems

9043

S. Chib, J. Osiewalski
and M. Steel

Posterior Inference on the Degrees of Freedom
Parameter in Multivariate-t Regression Models

9044

H.A. Keuzenkamp

The Probability Approach in Economic Methodology: On the Relation between Haavelmo's
Legacy and the Methodology of Economics

9045

I.M. Bomze and
E.E.C. van Damme

A Dynamical Characterization of Evolutionarily Stable Statea

9046

E. van Damme

On Dominance Solvable Games and Equilibrium
Selection Theories

9047

J. Driffill

Changes i n Regíme and the Term Structure:
A Note

D.W. Jansen and Q. Li

in Elliptical

No.

Author(s)

Title

9048

A.J.J. Talman

General Equilibrium Programming

9G49

H.A. Keuzenkamp and
F. van der Plceg

Saving, Investment, Government Finance and
the Current Account: The Dutch F.xporlence

9050

C.

Dang and

A.J.J. Talmen

The D1-Triangulation in Simplicial Variable
Dimenaion Algorithma on the Unit Simplex for
Computing Fixed Points

9G51

M. B~ye, D. Ku:enock
and C. de Vries

The All-Pay Auction with Complete Information

9052

H. Carlsson and
E. van Damme

Global Cames and Equilibrium Selection

9053

M. Baye and
D. Kovenock

How to Sell a Pickup Truck: "Beat-or-Pay"
Advertisements as Facilitating Devices

9054

Th. van de Klundert

The Ultimate Consequences of the New Growth
Theory; An Introduction to the Views of M.
Fitzgerald Scott

9055

P. Kooreman

Nonparametric Bounds on the Regression
Coefficients when an Explanatory Variable is
Categorized

9056

R. Bartels end
D.G. Fiebig

Integrating Direct Metering and Conditional
Demand Analysis for Estimating End-Use Loads

9G57

M.R. Veall and
K.F. Zimmermann

Evaluating Paeudo-R2's for Binary Probit
Modela

9058

R. Bartels and
D.G. Fiebig

More on the Grouped Heteroskedasticity
Model

9059

F. van der Plceg

Channels of International Policy Transmission

9060

H. Bester

The Role of Collateral in a Model of Debt
Renegotiation

9061

F. van der Ploeg

Macrceconomic Policy Coordination during the
Various Phases of Economic and Monetary
Integration in Europe

9062

E. Bennett and
E. van Damme

Demand Commitment Bargaining:
Apex Games

9063

S. Chíb, J. Osiewalski
and M. Steel

Regression Models under Competing Covariance
Matrices: A Bayesian Perspective

9064

M. Verbeek and
Th. Nijman

Can Cohort Data Be Treated as Genuine Panel
Data?

9065

F. van der Plceg
and A. de Zeeuw

Internetional Aspects of Pollution Control

- The Case of

pn Rnx 4rn.~~ ~nnn i F Tii Ri iRr THF NFTI-IFRLAND~
Bibliotheek K. U. Brabant

Vl l l ~l ~~l~l~lllill~lll

