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Abstract

The paper considers an industry where the effects of poiiutan be off-
set by investing in adaptation as a private good. The focusti®n external
effects, but on economies of scale that are introduced wieodsts of adapt-
ing to pollution are independent from the quantity producEde structure of
the resulting oligopolistic market is endogenous in the ehagince adaptation
expenditures are like fixed costs in production, but the arhofithese expen-
ditures is itself a choice variable for the firms. The analysi externalities
usually disregards defensive or adaptation measures, anitliv exceptions
that indicate considerable complications. The presenatdebn adaptation
to climate change yet shows the importance of understardbfgnsive mea-
sures. Is there a case for governmental action in privatptatien? How
does adaptation under market imperfection deviate fronettgent level? It
is shown that market failure caused by private adaptatiaddd¢o production
costs above the social optimum, i.e. to under-adapationengollution in-
creases, adaptation expenditures only increase if densamgtlastic. Only
then welfare losses from market failure increase. Overelfare loss from
pollution is only convex if demand is inelastic and the direffects of pollu-
tion are stronger than the indirect effects.

1 Introduction

Producers that are affected by negative externalities eagxpected to invest
in activities that reduce the incurred damage. Indeperidiiyp whether pol-
lution is controlled at an optimal level or not, e.g. with géu tax, there is
no incentive to react with non-optimal investment in dameaghiction, since
damage reduction is a private good. Such activities, albedcdefensive, pro-
tective measures or averting behaviour in the literaturg. @aumol, 1972;
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Butler and Maher, 1986; McKitrick and Collinge, 2002), aeffered to as
adaptation in this paper. This paper investigates whetlaptation is indeed
socially optimal when adaptation costs are independemn filee quantities
produced. It thus aims at contributing to the question abimiheed of public
adaptation policies. If adaptation results in market faijut is crucial to know
whether this leads to adaptation above or below the effitdet.

In particular, adaptation to climate change has got inangaattention
in the recent discourse (e.g. Pielke et al., 2007). It iseqaiear that even
an efficient global regime for climate protection cannot ptete stop global
warming anymore. It has therefore become crucial to adagitrttate change
impacts that are now unavoidable. Moreover, financing optd®n based
on an global agreement, in particular for developing caestrhas become a
cornerstone of international climate negotiations.

Compared to abatement, adaptation has received littlat@itefrom en-
vironmental economics yet. Although this was already dtéte Butler and
Maher (1986), little seems to have changed in this respdwrelare some ar-
guments that damage functions are not necessarily congxStarrett, 1972),
in particular when adaptation is considered Butler and M#&h@86). Pollu-
tion damage can be decomposed into the direct damage codtshe indi-
rect costs from adaptation. When both direct and and inddtamage costs
are considered, non-concave damage functions may rerubéemfPigouvian
taxes impossible (cf. Winrich, 1982; McKitrick and Colleg2002). Another,
obvious market failure in the light of adaptation are pratecmeasures with
the character of a local public good, e.g. against floodinglroughts (cf.
Aakre and Ribbelke, 2008; Lecocq and Shalizi, 2007). Hewen this paper
| analyse adaptation being a private good, and leave ther Igtte of adapta-
tions to another paper. This paper also disregards theteiiéadaptation on
abatement decisions. It focuses solely on adaptation, gmatés mitigation
of climate change. The amount of pollution and the exterfiateis taken as
exogeneously given. It will be shown that this specific foalieady shows a
complex spectrum of interesting cases.

Instead, the analysis considers adaptations with a cdatirg effect that
is independent from the produced quantity. While unit potidun costs are
assumed to increase with pollution, this can be off-set ptation. This
assumption might be questionable for some adaptationsit Biguite rea-
sonable for others. Protective measures as sea-wallsiadmisystems, se-
curity or fences may well defend a production unit mostlyeipendent from
its production capacity. For the case of climate changs, likély that many
adaptation actions involve fixed or sunk costs (cf. Lecoat) @halizi, 2007).
Some authors argue that the most crucial adaptations adedee terms of
labour and production organisation, and therefore appilygavhole firm (e.g.
Berkhout et al., 2006). As a consequence, costs are subvaddith respect
to production. The extent of this effect depends on the amoladaptation
expenditures that are not exogenously given, but selectatiebproducers.
By investing in adaptation, competitors may be driven ouhefmarket. This



intuition requires to consider two interrelated types chptdtion: defensive
adaptation to reduce increasing production costs from pollution, enadket
adaptation by adjusting quantities or prices to maximize profits.

Under these assumptions (given more precisely below),dragbe how
a Cournot oligoploy with free entry/exit deviates from aisb@lanner so-
lution, and how this depends on the amount of pollution. Ishewn that
adaptation introduces economies of scale with respecoiuygtion, such that
indeed market failure results. Under profit maximizing ad#pn, unit pro-
duction costs are higher than would be efficient — an effest ihtermed as
under-adaptation: The incentive for adaptation to increase mark-up prices in
oligopoly are not strong enough to compensate the effettiieabenefits of
defensive adaptation only incur to the individual firm. Véhilefensive adap-
tation on the firm level is below the optimum, it is possiblattlotal defen-
sive adaptation expenditures in the industry are above wherand is elastic.
With additonal pollution, adaptation expenditures carréase or decrease,
depending on whether demand is inelastic or elastic. Urpgial conditions
(that are associated with a non-existent market equiliyiit may even be
the case that there is both more production and adaptatiertadpollution.
The welfare effects of pollution are nevertheless negativany case. Market
failure contributes partially to these losses. Howevethwlastic demand this
is continuously “cured” by pollution. Total welfare lossiesm pollution and
the welfare losses from market failure only increase coigvesth pollution
if demand is inelastic and the effect of pollution on the direosts is stronger
than the effect of on indirect costs from market adaptatiod fom defen-
sive adaptation. Otherwise, welfare losses under the gggumof optimal
adaptation are concave with respect to pollution.

[ firstintroduce the basic model of the paper in a social pgaigontext, and
determine the oligopolistic equilibrium subsequentlyefhboth solutions are
compared for a given pollution level by showing that the aigly solution can
be reduced to a special social planner problem. Finallg, determined how
the different effects change with increasing pollution. vagf of all relevant
cases for the effects of autonomous adaptation and a disnuzsmcludes the
paper.

2 Themodel and optimal adaptation

In this section | consider the adaptation and productioris@®t of a social
planner that takes pollutioh as given. This might represent the situation for
aregion that is affected by climate change, but has only margfluence on
global emissions.

Production of a consumption good can be devolved tg 1 firms with
identical unit production cost(a;, k), wherea; is the defensive adaptation
of a single firmi. The partial derivatives;, > 0,cp > 0,¢q < 0,¢q0 <
0, cqr < 0, such that unit costs convexly increase with pollution, emicvexly
decrease with defensive adaptation. The cost-reduciregtedif adaptation



increases for higher pollution. The quantity produced by firis denoted
by z;. Preferences are expressed by a utility functiofx) with the usual
properties, where = 3.,  ; is total production. The utility function is
unaffected by pollution that only changes production coBte social planner

decides on the number of firms productionz;,i = 1,...,n and defensive
adaptatioru;,7 = 1, ..., n. Taking constant unit costs of defensive adaptation
q, welfare

W9 = U(nz;) — aclai, k)nx; — qnas, Q)

needs to be maximized with respect#g a;,n. The constant paramter
is introduced for use in a later section (to reduce the meskéfition to a
special social planner case). The social optimum correfpom the special
case wherex = 1. Since% < 0, the smallest possible number of firms
n* = 1is optimal.

The first order conditions for production and adaptatiomtiild the
equations

U/(x;k) = O‘C(a;‘: k)’ (2
k)l =q, ()

that determine the optimal productiefi and defensive adaptatiaii for given
pollution k. Note thatz] = z* due ton = 1. Both equations state that
the marginal benefits of production and of defensive adaptatespectively,
equal the marginal costs. For convenience;= c(a;, k) in the following.

By defining the cost elasticity of adaptatiep = c,¢ < 0, EQ.(2) is
equivalent to

*

qa;
—Q€g = @7 (4)

such that the fraction of expenditures for defensive ad@ptdo production
costs increases when costs are more elastic with respedapbadion.

By taking the total differential we can now determine how Hudution
depends on pollutiok and adaptation costs(see Appendix for more detailed
calculations). To simplify expressions, the cost elatstiof adaptatiory, < 0,
the cost elasticity of pollutior; = ck% > 0, and the inverse elasticity of

marginal utilitye,, = (U”%)_1 are used. Elastic marginal utility corresponds
to —1 < ¢, < 0. We further introduce the parameter

Ui=€q€p+ €, — 1 =¢(ep+1)— 1. (5)

It has an indeterminate sign and will be crucial in the remairof this paper.



The comparative statics for the social optimum can then peessed as

da* *

T )
dx* *

s v ©
dikf:_ﬁk( :fp)%. 9)

All these expressions have an ambigous sign that is pardatermined byu.
Observe that the elasticity of production costs with respechanging pollu-
tion has no influence on the effect of adaptation costs. Ghgngit costs of
adaptation do not influence the produced quantity direGtiye (technical) pa-
rametera only plays a role for the sensitivity of production to adajoia cost
changes. Interestingly, defensive adaptation does n&ssadly increase or
decrease with adaptation costs. The intuition that higbstscfor adaptation
make this activity less attractive is only true for< 0. Moreover, also higher
pollution does not necessarily increase adaptation. Bepeds orn: and
on the elasticity of marginal utility. Also the effects ofaatation costs and
pollution on production are ambigous, but solely depend.o®bserve that
u completely determines the sign of three of these expres8ioth pollution
and increasing adaptation unit costs move production h@asame direction.
If pollution causes a reduction of optimal production, acr@asingg has the
same effect. Changing unit adaptation costs shift prodnciind defensive
adaptation in the same direction. If less defensive adapté& optimal due to
increasing costs, production is reduced as well.

Since the sign ofi and the elasticity of marginal utility determines these
effects, it is worth having an overview of all possible casbiote thatd <

ep + 1 impliesu < 0. Hence, there are just three cases (see Table 1). Case

(1) applies for elastic marginal utility. For inelastic rgaral utility, case (2)
is appropriate if additionally, e.g., the costs from patintare very inelastic
with respect to defensive adaptation. Case (3) is in pdaticelevant if both
demand and defensive adaptation are very elastic.

case (1)| case (2)| case(3)

ul () -) (+)

ept+1 |  (+) -) -)
marginal utility | elastic | inelastic| inelastic
d/dg | (=) ()| G E) )
d/dk | (=) )| () B[EFH ()

Table 1: Cases for the comparative statics in the sociafmypti.



Case (1) roughly corresponds to what could be expected: Where is
more pollution, the effort put into adaptation should irase, but cannot fully
compensate production losses. The present analysis shatthit is yet just a
particular situation. It might as well be that there is ledaation in the pres-
ence of increasing pollution (case 2). Since marginaltytii elastic in that
case, the increasing costs from pollution cause produttiatecline sharply.
Under these shrinking conditions, it is not worth putting tmuch effort in
keeping costs stable. Case (3) also shows a contra-imtigttuation, where
productionexpands due to pollution. The cost-reducing effect of adaptation
is so strong that more production becomes efficient. It shbel noted that
this case does not imply welfare gains from pollution, sitieeincreasing ex-
penditures for defensive adaptation have to be taken irtousnt. | will show
below that this case corresponds to a non-existing markaglil@gum. In sum,
the diversity of cases is caused by the fact that polluticgsdet only change
the optimal level of defensive adaptation, but also the amhotiproduction.
Both effects can interfere in different ways and become ncoraplicated in
oligopolistic markets.

3 Adaptation in the oligopolistic mar ket

This section determines how a market economy solves theataapproblem.
Since expenditures for defensive adaptation are indepérficien the amount
of production, there are economies of scale such that teeam oligopolistic
situation. | will compare the results of a Cournot equilitoni with the social
planner case in the next section.

The outcome of an unregulated market is analysed in two .stepst |
take the number of firma as fixed, and determine their production quantity
decisionz;,i = 1,...,n and adaptation decisiary = 1,...,n. Second, the
equilibrium number of firms is determined under the conditilbat there are
no barriers to entry or exit. Therefore, the market striectarendogenous in
this model. Thus, the adaptation decision, the productiecisibn and the
number of firms is interdependent.

As in the last section, the unit production cost functifm;, &) and the unit
adaptation costg are assumed to be identical for all firms. | set the parameter
«a = 1 in the following calculations (it can be skipped for the metrkolution
by reasons that will become clear below). All firms operat¢h@same market
with the inverse demand functignz) = U’(x). The inverse elasticity of
marginal utility €, is thus equivalent to the elasticity of demand, such that
e, < —1 corresponds to elastic demand. When considering a singié,fthe
production of all other firms is denoted by ;, i.e. z = z; + z_;. Each firm
thus faces the problem

max m; = p(x; + z_;)x; — c(ai, k)x; — qai, (10)

T4,05

wherer; represents the profits of théh firm. By symmetry it can be con-



cluded that: = nx;. The first order condition with respect g is

p(nz;)(1 + L) = c(a;, k), (11)

neyp

which is a solution only if
1

1+—>0. (12)
ney
This holds, for example, if demand is elastig (- 1 < 0) andn > 1. For
inelastic demand an interior solution dependsdn a more complex way.

For the adaptation decision, the first order condition weld
—cqlai, k)z; = q. (13)

Eg. (11) and Eq. (13) together represent the market soltgramgiven number
n. Is is already obvious that this solution is different frdme social optimum
(see Eq.(2), Eq.(3)). Itis also clear that the degree of iffierdnce depends
on then. EQq.(13) reflects that the costs of defensive adaptatiorerdege-
nously selected by the firm. Unit adaptation costs then etiigabssociated
marginal cost reduction. Eg.(11) shows a price mark-up midipg on the
number of firms. Since adaptation costs are like fixed costshi produc-
tion decision (they do not explicitly appear in Eq. (11))¢cneasing adapta-
tion might squeeze competitors out of the market, such kteaptice mark-up
would increase, thereby providing an additional incenfmeadaptation. |
explore this now.

Without entry/exit barriers, firms enter/leave the markatilprofits van-
ish. The number is thus determined by the zero profit condition= 0 that
is equivalent to

p(na:) = clai, k) + ==, (14)

such that the market price is equal to the average costsp#ie af defensive
adaptation can be recovered from the quantity that is solthemarket. By
substituting Eq. (13) fog in Eq. (14) we obtain

p(nx;) = cla;, k) — acqa(as, k). (15)

Equating this with Eq. (11) results in the market equilibtimumber of firms

determined by

1+ ty=—°¢ (16)

ney c— aicq

In practice,n can only be an integer. To simplify the further argument we
will disregard this to prevent distractions from the maiguanent. Eq. (16)
shows that the number of firms depends on the adaptationia®claut in
an ambigous way if no additional properties of productiostsare known.
With increasing pollution the number of firms may change al. vildhere is
a potential for a “squeezing out effect” due to pollution auhptation. Yet,



for the special case of an isoelastic production cost ancaddrfunction, the
equilibrium number of firms is
1—
n=-_‘ (17)

€ap

beingindependent from pollution. The number of firma increases with both
ep ande,. If (ceteris paribus) demand is less elastic or if defenaniaptation

reduces costs more effectively, there are more producetteimarket. For
both there is more leeway for cost recovery due higher priagkrap or less

need for adaptation expenditures. Interestinglyis independent from the
effect of pollution on production costs. These statemeat® lyet to be taken
with care, since they correspond to the special case ofisteity.

It can now easily be seen that fer< 0 the equilibrium number of firms
indeed yields a proper market solution: (i) Eq.(17) respdhbe condition
Eq. (12) by elementary calculations; and {iix 0 is equivalent tox > 1.

With reference to Tab. 1 it can be concluded that in the cdgesnd (2) a
Cournot equilibrium exists, while in case (3) no equililbniexists. | therefore
concentrate on the cases (1) and (2) in the remainder of fhex.pa

Whenn is determined by Eg. (17), the marginal condition for thedoi@
tion decision Eq. (11) simplifies tp(nx;) = (1 — €,)c(a;, k). The solution
can therefore be summarized as follows:

Assume that the demand and the unit production costs areisoelastic. When
u = eq(e,+1)—1 < 0, there exists a Cournot equilibriumz;, a;f, nt = 1;—:;
that is determined by

p(n+$:_) = (1 - Ga)C(CL;_7k), (18)
—ca(af k)] =q. (19)
Here and in the following, the superscript denotes the market solution,
andct = c(al, k). Asin Eq.(4) for the social planner case, the ratio of
expenditures for defensive adaptation costs to productists is described by

the equation
qa;
zret’

i

(20)

—€q =

4 Over- and underadaptation in the Cournot
equilibrium

The inefficiency of the oligopolistic solution is obvioush& interesting ques-
tion is yethow both solutions differ. How do both solutions change with re-
spect to adaptation costs and pollution? Does the markestiteo much or
too little in defensive adaptation? Does market failurasseander- or over-
adaptation? In this paper | define under-adaptation as unit productastsc
above the efficient level, i.e* < ¢*, and over-adaptation hy" < c*. When
there is more than one firm in the oligopoly there may be tdie ldefensive



adaptation, since the benefits of adaptation only congilbbaitthe profits of
the firm that undertakes it. On the other hand, since the atiaptdecision
is linked to the economies of scale, and therefore to the marmbcompeti-
tors, there might be an incentive to overinvest. Finallgréasing revenues
from mark-up pricing in oligopoly may finance more adaptatié\t the cur-
rent stage of the argument it is unclear which of these effisaiominant, and
ambiguous results may be expected. The following paragraplve these
questions step by step.

| first simplify the comparison by using the parametefrom the social
planner solution Eg. (2), Eq. (3). By settiag= (1 — ¢,) > 1, and by replac-
ing ¢ with § = aqgn, it is straightforward to compute that the optimal solution
of this modified equation system fermally equivalent to the oligopoly so-
lution EqQ. (18), Eq. (19). This means that the oligopoly #oluis identical
to that of a social planner that accounts for productiongsctbet are multi-
plied by the factor(1 — ¢,) > 1 and adaptation costs multiplied by the factor
n(l —e€,) > 1. Sincel < a andg < ¢ the replaces paramters can be in-
terpreted as a situation with less efficient adaptation aacemollution. The
oligopoly market behaves like a counterfactual sociallyiropl decision with
less favourable environmental conditions.

Next turn to the comparative statics of the Cournot equilior This is
straigtforward due to the reduction to a modified social péarsolution above.
Since4l = n(1 — ¢,), Eq. (6)-Eq. (9) yield

dxj _ €p i 21)
dq (1—e€q)uct’
d;g :_ek(li— ep)%. (24)

These expressions have the same signs as in the social optifilue cases
(1), (2) from Tab. 1 therefore apply to the market solutioasaell. Yet the
sensitivity of the market solution to changes in adaptatioces and pollution
makes a difference in terms of degree.

Now compare the social optimum with the market solution. c8im <
0, production decreases for higher pollution and higher &d@mm costs due
to Eq. (21), Eq.(22). As we have seen above, the oligopolstiution is
identical to a social optimum with highérandgq. Since also: > 1, for both
cases

z} <zt (25)

The case for the adaptation decision is less obvious, batnitbe shown (in
the Appendix) that due to the convexitiy properties of pithn costs and

demand function
zf <1t e af <af (26)



for both cases (1) and (2). In the following section | will #ddally determine
how the different effects change depending on the level téfan.

It should be noted that it remains open whether the total atnoiuadap-
tationnta; is above or below:*a;. It holds thatn*a;” > n*a} if and only

if (nt)cte)s’ > (1 —¢,). If the under-adaptation would be defined by
comparing the defensive adaptation expenditures of thdeanihdustry with
the social optimum, the effect of market failure would be sidared as am-
biguous in general.

It is thus the main conclusion of Eq. (25) and Eqg. (26) in tldsti®n that
defensive adaptation at costs that are independent froamtlo@nt of produc-
tion lead to the market producing less goods than would bienapt Each
single firm invests less in adaptation than a social planr@ildvdo. Pro-
duction costs are therefore inefficiently high in the oligligtic market. This
justfies the statement thiie Cournot-equilibrium leads to under-adaptation.

5 Welfare effects of pollution

Until now it remains unclear how the welfare loss from theeexality changes
with increasing pollution. The overall damage can concaptibe decom-
posed in the losses due to (i) increasing production castgh@nging pro-
duction, (iii) changing defensive adaptation costs, amdidisses from market
failure. In this section | measure the damage of pollutioinge as the asso-
ciated welfare losses.

To simplify calculations, | concentrate on isoelastic dathand produc-
tion costs. It is assumed that case (1) or (2) (with an exjstivarket solu-
tion) applies. Already under these conditions a spectrurdiftérent cru-
cial cases appear. The results of the preceeding sectiteedglshow that
the produced quantity decreases with pollution — both inntlaeket and the
optimal solution (cf. Tab. 1). Expenditures for defensigaptation costs
might increase or decrease depending on the case. The fossemarket
failure are not clarified yet. Welfare in the social plannese is given by
WS = U(z*) — ¢*z* — n*qa}, and in the Cournot oligopoly by

WM =UnTz) —ntetat —nTga].

The differenceA = WS — WM is a measure for the degree of market failure.
By considering the effect of on A, it is determined how the welfare losses
from market failure change with pollution.

It is straightforward to determine how welfare losses iasgewith pollu-
tion g .

—d?/—k =a"c; = ek% > 0, (27)

by using Eq. (2) and Eq. (3). As expected, damage increagbguliution in
the social optimum. In the market solution

+
L >0, (28)

awM oz € —1lcnTx
=TT+ n%cfc}f = € —

dk Ok u k

10



due to Eq.(18), Eqg.(19) and the comparative statics Eq. (ZBese losses
include the effects from (i) increased production cost$,efipenditures for
defensive adaptation, and (iii) changes in market stractur the market so-
lution, welfare decreases with pollution as well, but at #fedént rate. Note
that% > 1, such that the market solution is more sensitive to polluiion
a situation with comparable adaptation and productioni¢eviem addition to
the marginal increase in production costs, there is alsdfantdrom market
adaptation.

By using the comparative statics Eq. (8), Eq.(9), and Eq, (8. (24),
respectively, the second derivates of pollution damages ar

d>ws er(ep +1) e
d>wM €a — 1 er(ep+1) ctntaf
g T e o T @

Again, both expressions formally only differ by the fac@[—l. More im-
portantly, they have an indeterminate sign. The welfars fosm pollution is
convex both in the market and optimal solution if and only if

ex(ep+1)
U

+1<0. (31)

Finally, turn to the effect of pollution on the measure of kedrfailure A. By
employing the above Eq. (27) and Eq. (28),

A 1— e,
g_k = (gt + L gtntay) (32)
€k 49/« « €g— 1
— g%(n a; — TnJra;r). (33)

The second equation is due to Eqg. (4) and Eq. (20). This esiprehias an
indeterminate sign, depending on the relation of the prilolucosts or on
the expenditures for defensive adaptation, respectivepecial case applies
when the total adaptation expenditures are higher in tlgopdly than in the
social optimum. Sinct—f\au;1 > 1, EQ. (33) shows thdbr naj > n*a; higher
pollution increases losses from market failure. Otherwise, the effect remains
ambiguous. Recall from the last section that both is passibl

6 Thecompleteeffectsof increasing pollution

The above analysis shows that the three cases introduceabirl Bre crucial
when consequences of the interdependency of adaptatiomanket structure
are considered. Only cases (1) and (2) lead to a Cournoiletuih, where the
parameter: is negative. In these cases production always decreaskig)far
levels of pollution, while adaptation may increase or daseedepending on
whether demand is inelastic or elastic. The comparisoneo$titial optimum

11



with the oligopolistic market shows that production is afwdower in the
market, and that rising unit production cost from pollutame not completely
set to the efficient level by adaptation. The loss from thisketafailure may
yet decrease or increase with pollution, depending on tie sf Eq. (33).
This condition contains the paramterbut this does not determine the effect
completely. Finally, condition Eq. (31) shows that the \asdfdamage may be
convex or concave in the amount of pollution. This is, agaot,completely
determined by the sign af and the demand elasticity. Combinatorically, there
may thus be potentially eight cases. In this section | shaw dlotually only
three cases can occur, and interpret these cases. A comppefds given in
the Appendix.

The following Tab. 2 shows all possible cases for the devakgt of the
optimal adaptation decision, the welfare losses from niddikire, and the
total welfare losses when pollution increases. Only sinatwith an existing
market equilibrium are considered « 0, case (1) and (2) in Tab. 1). The
cases (1la) and (1b) further refine the former case (1). Faasks, there is
under-adaptation and the produced quantity decreasdso hi@lds in all cases
that

due to Eqg. (24), i.e. even if defensive adaptation increagéspollution, the
unit production costs are still rising.

case| (1a) (1b) (2)
description| inelastic demand inelastic demand elastic demand

&(—:k>ﬁpﬁ—ea &ek<ﬁpil—ea
adaptation| increasing increasing decreasing
A | convex inc. concave inc. convex dec.
total welfare losg convex inc. concave inc. concave inc.

Table 2: All cases for the effects of increasing pollution.

The differences due to the demand elasticity were alreastyudsed in Sec.
2. When demand is elastic (case 2), rising production cests to strongly
decreasing demand, such that there are less incentivegerd $pr defensive
adaptation. Due to the pollution, the market is shrinking edte that requires
a reduction of adaptation. Decreasing adaptation reduzmsoenies of scale
such that cause of market imperfection is less dominantjrigao less wel-
fare losses in the oligopoly compared to the social planadthough there
are overall rising damages (welfare losses) from pollytthe share of these
losses that is attributed to limited competition is gettamgaller. In case (2),
pollution partially “cures” market failure. This effectssrong enough to make
damage a concave functionin

In the cases (1a) and (1b) the inelastic demand makes it gil&fitto
increase adaptation (as intuition would suggest for aleggssince prices

12



strongly increase due to reduced production. This givesmass to finance
adaptation, such that competitors can be kept out of the eharklthough
this incentive to overadapt on the firm level is not strongugoto compen-
sate for underadaptation due to the inefficient large nurobéirms, expen-
ditures for defensive adaptation in the industry raise toaateful amount.
Since this effect increases with pollution, welfare losem market failure
increase as well. In case (1b) the elasticity of productiost<to pollutione;,
is lower than the joint effect of defensive adaptatieq, and of market adap-
tation (¢, + 1) . The welfare loss from market failure is thus only a concave
function ink, and so is the total welfare damage. Only if pollution inse=a
production costs with an elasticity that cannot be off-gedéfensive and mar-
ket adaption (case 1a), the welfare damage is a convex unitik. In the
presence of such a strong externality, the losses from miaik&re convexly
increase as well. In both cases (1a) and (1b), considersgdhptation deci-
sions implies increasing market failure from pollution.t¥aly in case (1a)
this effect may become excessive.

7 Discussion

The above shows that there are welfare losses when adapistieft to the

market. What is then, precisely, the underlying markeufaf? Obviously,

the problems arise due to the oligopolistic market strgthut how does the
possibility of adaptation cause this? Since the number ofsfils bounded,
there is an option for mark-up pricing, such that less gtvaigisold. Conse-
quently, the private benefits of adaptation are lowered.H@rother hand, the
higher revenues can be used to finance more adaptation, heitbide effect
that competitors that do not expand their adaptation expeed suffer from

higher costs and may be driven out of the market. This wonltlm, increase
mark-up prices and thus benefits of adaptation. The analgg&aled which
of these effects dominate. The crucial point here is therapsan that the

effects of adaptation are independent from the quantitdyred. The adap-
tation expenditures are thus like fixed costs that introdzemmomies of scale,
being the core reason for the oligopoly to emerge.

For the case of constant pollution, this argument of endogemarket
structure boils down to the special case analyzed by Daagapd Stiglitz
(1980). In their interpretation, defensive adaptation &asnalogue in pro-
cess innovation, where the innovation costs are like fixextscaand bene-
fits of innovations are private. That gives a competitiveaadage, increases
economies of scale, but leads to duplication of the innowatompared to the
social planner. The interpretation as defensive adaptaticas innovation is
not only a formal analogy. It is likely that many adaptatidagpollution re-
quire new technologies or organisational innovations. tRercase of climate
change that is already claimed in some literature (e.g. lBrrket al., 2006;
Ott and Richter, 2008). We therefore have an analogy andsh fiew view
on adaptation. The present paper extends this analysisrsjdesing pollu-

13



tion as an influence on the cost reductions achievable byatimm. Since
the marginal effect of adaptation increases with highelugoh, this would
mean in the analogy that an external effect improves thefitend research
and development. In this sense, the results of the paperecapied to any
case where an externality (be it from pollution or sometlaisg) reduces the
outcome of activities to reduce production costs.

In environmental economics and the integrated assessrhamhate change,
the damage function that assigns a negative external éffeloe level of pol-
lution is a core category. The analysis of this paper inddhat, however,
two types of damage functions need to be distinguished. Tie firoposed
to be called thdasic damage function, describes damages under the assump-
tion that the victims of an externality do not undertake affgreto reduce
that damage. The second, proposed to be calitidnized damage function,
assumes that — given a portfolio of adaptations — the vicselsect the op-
timal option to avoid negative consequences. Even thougibdsic damage
function might be convex, the optimized damage function lsacome con-
cave. Of course, there might be other damage functions leetiree basic
and the optimized damage function, when, e.g., institali@onstraints or
bounded rationality are considered. In this paper, thechdeinage function
is the increase of unit production costs from pollution. Dpémized damage
function for a firm determines the profit loss if the firm seddbie optimal level
of defensive adaptation and adjusts its output. In the agdgeeof all produc-
ers and consumers in a given market, the total welfare Idssespollution
represent a further example for an optimized damage fumctio

8 Conclusions

This paper aims at contributing to the question about thel méadaptation
policies in the presence of adaptation costs that are imdkgpé from the quan-
tity of production. It is shown that this assumption leade¢onomies of scale
that are associated with market failure. It is thereforeieduo know whether
this leads to over- or under-investment in defensive adiaptalhe paper fur-
ther determines how the welfare losses from market failue=td adaptation
change with rising pollution, and how the total welfare Exsgcrease.

It is investigated how the Cournot equilibrium changes imparison to
a social planner solution when pollution increases. Théyarsais based on
the assumption that pollution negatively affects unit prcitbn costs, but that
this effect can be off-set with defensive adaptation. Adeph is a private
good that improves production costs for the whole firm. In diglaequilib-
rium analysis, demand reacts on changing costs. The finitdbau of firms
with symmetric cost structure both react to anticipated aleinchanges and
to changed production costs. This allows to distinguitect effects from
pollution, due to changing production costs, amdirect effects, due to chang-
ing expenditures fodefensive adaptation, and due tamarket adaptation via
demand at new prices. If the amount of adaptation would bgeneously
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set, the associated expenditures were fixed costs. Thedectists are at the
root of the resulting oligopolistic equilibrium, where & assumed that there
are no entry or exit barriers. The situation is yet more cactgted, since the
amount of adaptation is set by the producers as a decisitablarIncreasing
defensive adaptation may thus keep competitors out of thrkgnhalhe mar-
ket structure thus becomes endogenous: decisions’ effagtsarket structure
are in turn considered in the adaptation decisions. Therestdts are shown
for isoelastic demand and unit production cost functionisis Bimplification
already yields a spectrum of crucial cases that may servstasteng point for
further analyses.

The results are as follows. Due to the oligopolistic struetuhe mar-
ket equilibrium deviates from the social optimum. Sincer¢hare no fixed
costs except adaptation expenditures in the model, theatilure is caused
by the adaptation to pollution. As a consequence, therewsya under-
adaptation to pollution in the sense that unit producticstcare above the effi-
cient level. While it might be intuitive that defensive atktpn increases with
higher pollution, this is only true if demand is inelasticth@wise, market
adaptation is so strong such that less adaptation expegsiitan be recovered
from revenues. This cost recovery is a crucial issue for theket solution,
while in the social optimum there is also a case (correspgnth an inexis-
tent market solution) where both defensive adaptation andigtion increase
with emissions. In the cases where a market equilibriumtgxiiemand elas-
ticity determines whether the market shrinks — making iffipble to spend
less for defensive adaptation —, or whether adaptationredgdn both these
cases production decreases with pollution. Although welfa generally re-
duced by pollution, there are different effects dependimfucther conditions.
When demand is elastic, welfare losses are a concave fanatithe amount
of pollution. For inelastic demand, it is concave or convepehding on a
further condition that compares the direct effect of padiatwith the indirect
effects. If the direct effects are weaker, the function iraawve as well. It
is only convex if demand is inelastic and the direct effeces@mparatively
strong. These three cases illustrate that the standarchpen of a convex
damage function in environmental economics is just a spease. With elas-
tic demand the standard convexity properties break dowis i$tn line with
the thoughts presented by Starrett (1972), Winrich (1982) athers. More
importantly, it can be seen that the losses from marketriitlue to adap-
tation are reduced by pollution if demand is elastic. Emissithen “cure”
market failure. This is linked to the result that there isldsfensive adapta-
tion in this case. On the other hand, losses from marketr&ihcrease for
inelastic demand. The increase is even convex in the casewdtal welfare
losses are convex as well.

Independently from which of the cases analysed in this pageerlly ap-
plies to a concrete market, the results indicate that egjstistitutions for
market regulation of oligopolies need to be adjusted tagigiollution levels.
It may even be the case that new market failures arise inrsetttat have low
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fixed costs, but are now increasingly under pressure to adkaptthe special
case of adaptation to climate change it follows from the modéhis paper
that there is no requirement for specific regulations tadjet efficient adap-
tation. It is, instead, required to mainstream the effeEdimate change into
existing market regulation.

Acknowledgements

A Comparative statics of social planner

The social planner solution is determined by Eq. (2),Eq.l{8)e stated again
as

U'(z*) = ac(a*, k), (34)
—z acy(a” k) =g, (35)

sincezr; = x*,a; = a*. The total differential is
U'dx = a(cqda + cdk), (36)

1
—adq = ¢, dx + zCgeda + zegdk. (37)

It follows from Eq. (36) that

dr ac, «cpdk
- itk 38
da u" * U" da’ (38)
dr  ac, @ acy

ak - Trak T T
First consider the case where the unit cost of adaptatichangesceteris
paribus, i.e. dk = 0. It then follows from substituting Eq. (38) into Eq. (37)
that

(39)

dx c
s — 40
dq ac2 +xU"cqq’ (40)
Eqg. (40) together with Eq. (38) yields
"
da dr/dg 1 U (41)

dq ~ dz/da ~  aac+zU".,

I now turn to the effect oteteris paribus changing pollution, i.edq = 0. It
follows from Eq. (37) that

dz _ ®Caa da  xCop
dk ¢, dk Ca

and equating with Eq. (39) yields

da 2U" cqi, + e
- )
dk 2U"coq + a2

(42)
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and by analogue calculations

dr  ox(crCaa — CaCak)

- 43
dk xU" cqq + a2 (43)
These expressions are now simplified using elasticitie® tDUEQ. (2)
/
= oe (44)
€p €p

The (identical) denominator in Eq. (40), Eq. (41), Eq. (48Y. (42) is thus
equal to

A2 e,

g;(eaep +eq—1).
This can now be applied to all four equations. Define= (e.e, + €, — 1).

Eg. (40) boils down to
dr € a

=P (45)
dq au ¢
With Eq. (44) and Eq. (4),
da a
d_q = q_u (46)

is obtained. With the cost elasticity of pollutiap = ck% > 0, the numerator
of Eq. (43)

C2(£
ax(CpCaqg — CaCak) = —OaCh 5 >0,
and J
ar _ Gk ?
dk~—  u k’ (47)
By Eq. (44), the numerator of Eq. (42) equals
1+ ¢, 2
QEq € -
€ ak
yielding
1
da e +ep)g' (48)

@: U k

B Comparison of market and social optimum

This section shows that" < 27 < af < af.

7
The inequalityr;” < x} implies that
q q

-5 <=
x; x;

Consequently, due to Eq. (19) and Eq. @)a;", k) < ca(a}, k), such that the
convexity ofc impliesa;” < a, being the first direction of the proposition.
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Now assume thatj < a, such that the monotonicity efresults in
claf, k) > c(al,k) > 0.

Thus alsa(1 — €,)c(a;, k) > c(a}, k), since the first term is greater than one.
Then Eq.(18) and Eq. (2) imply(ntz;") > p(n*z}). Sincen™ > 1 = n*,
the monotonicity ofp implies thatz < 7.

C Proof of the complete effects of increasing
pollution

This appendix provides the proof of the statements giveraim Z, supposed
an interior market solution exists (i.e.< 0).

First, turn to the adaptation decision. The difference betwcase (2) on the
one hand, and case (1a), (1b) is obvious by comparing withITe®ecall that
Eg. (21)-Eqg. (24) show that the comparative statics for figopoly solution
have the same signs. Thus, adapation is increasing witatjollin case (1a),
(1b), while in case (2) the opposite holds.

Second, recall that the damage function is convex if Eq.li8ids. In case (2)
this is impossible since, + 1 < 0, andu < 0 by assumption. In the cases
(1a) and (1b) withh < €, + 1, Eq. (31) is simply equivalent to the condition
€ < # — €q-
The remaining (but main) task is now to show how welfare le$s@m mar-
ket failure depend on pollution. The distinction betweargal and wasteful
underadaptation will then show up to be a corrolary. By defjni

a—1
V= (a* € na;r), (49)
u
V= Z—kq <0, (50)

Eg. (33) can then be written as

0A v
Now use the elasticities and the comparative statics EQE(@)(24) to deter-
mine

dv ey +1), . e@—-1 & v
i —T(a - na; ) = #E’ (52)
with ( )
€xlep +
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Sinceu < 0, u has the same sign &s, + 1). Eq. (52) represents a differential
equation forv with respect tds that is solved by

v = vok", (54)

wherevy is a constant that needs to be chosen properly. The welfssdriom
market failureA (k) > 0 in the presence of pollutioh can then be determined
by integrating Eqg. (51) with respect toas

K

k 2
A(k) :/ v g = %vok’“. (55)
0

In case (2)u is negative, such that Eq. (55) shows thais convexly decreas-
ing in k as stated in Tab. 2. In case (1b), the conditign< # — €, IS
equivalent td) < p < 1, makingA an increasing but concave functionkn

By the same argumerit< p in case (1a), yielding a convex function.

As a corollary we see that case (@rmanently represents frugal, and the
other cases wasteful under-adaptation. Eq. (33) has shmatririgal under-
adaptation is associated with decreasing losses from mtakere. Recall
that the sign ob is equivalent to frugal or wasteful under-adaptation byrdefi
ton. Eq. (54) shows that never changes its sign, so frugal under-adaptation
remains frugal with increasing pollution, and a wasteflb@dtion remains
wasteful.

It has thus been shown that all the properties given in Talml@ bnder the
conditions given in the first row and the assumption thatehgran interior
solution of the oligopoly market.
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