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Abstract

The paper considers an industry where theats of pollution can beftyset by in-
vesting in adaptation as a private good. The focus is not tarexl éfects, but on
economies of scale that are introduced when the costs ofiaddp pollution are
independent from the quantity produced. The structureeofdélulting oligopolis-
tic market is endogenous in the model, since adaptatiomekiees are like fixed
costs in production, but the amount of these expenditutiesei$ a choice variable
for the firms. The analysis of externalities usually disrdgadefensive or adap-
tation measures, with a few exceptions that indicate cenaile complications.
The present debate on adaptation to climate change yet shevimportance of
understanding defensive measures. Is there a case fomgoeetal action in pri-
vate adaptation? It is shown that market failure caused ibgiteradaptation leads
to production costs above the social optimum, i.e. to urdEpation. When
pollution increases, adaptation only increases if demandalastic. Only then
welfare loss from market failure increases. Total welfags|from pollution is
only convex if demand is inelastic and the influence of pahuton production
costs is stronger than the influence of adaptation.
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1. Introduction

Producers that ardfacted by negative externalities can be expected to invest
in activities that reduce the incurred damage. Indeperidim whether pollution
is controlled at an optimal level or not, e.g. with a Pigou, tiere is no incentive
to react with non-optimal investment in damage reductimtesdamage reduction
is a private good. Such activities, also called defensivetegtive measures or
averting behaviour in the literature (e.g. Baumol, 1972; &utind Maher, 1986;
McKitrick and Collinge, 2002), are fiered to as adaptation in this paper. This
paper investigates whether adaptation is indeed sociptiynal when adaptation
costs are independent from the quantities produced. Itdimas at contributing
to the question about the need of public adaptation polidfesdaptation results
in market failure, it is crucial to know whether this leadsatbaptation above or
below the dicient level.

In particular, adaptation to climate change has got inangaattention in the
recent discourse (e.g. Pielke et al., 2007). It is quiterdleat even an ficient
global regime for climate protection cannot complete stlmial warming any-
more. It has therefore become crucial to adapt to climatagdanpacts that are
unavoidable. Moreover, international financing of adaptaas part of a global
agreement has become a cornerstone of international elinegotiations.

Compared to abatement, adaptation has received littletiatteinom environ-
mental economics yet. Although this was already stated byeBand Maher
(1986), little seems to have changed in this respect. There@me arguments
that damage functions are not necessarily convex when @&tapis considered
(Butler and Maher, 1986), such that Pigouvian taxes are fii@ient (Winrich,
1982; McKitrick and Collinge, 2002). Another obvious markailure is asso-
ciated with protective measures having the character ofa joublic good, e.g.
against floods or droughts (cf. Fankhauser et al., 1999;deeand Shalizi, 2007).
However, in this paper | analyse adaptation being a privatelgl also disregard
the dfects of adaptation on abatement decisions: the amount lotipol and the
external éect is taken as exogeneously given. This specific focusdirslaows
a complex spectrum of interesting cases.

The paper considers a situation where production costsaserwith pollu-
tion, but where this #ect can be fi-set by adaptation. It is assumed that the
cost-reducing fect is independent from the produced quantity. This assompt
might be questionable for some adaptations, but it is qe#sonable for others.
Protective measures as sea-walls, drainage systemsitgecuences may well
defend a production unit mostly independent from its préidnccapacity. For



the case of climate change, it is likely that many adaptadictions involve fixed
or sunk costs (cf. Lecocq and Shalizi, 2007). Some authgyseathat the most
crucial adaptations are needed in terms of labour and ptimumrganisation, and
therefore apply to the whole firm (e.g. Berkhout et al., 20@& .a consequence,
adaptation costs are like fixed costs for production. Howesrece firms individ-
ually decide on their adaptation expenditures, these fixstscare endogeneous
to the model and determine the market structure.

| deduce from these assumptions how a Cournot oligoploy wété éntryexit
deviates from a social planner solution, and how this dep@mdthe amount of
pollution. It is shown that adaptation indeed introducesneenies of scale with
respect to production, such that market failure resultsddgmprofit maximizing
adaptation unit production costs are higher than wouldfbeient — an &ect that
is termed as under-adaptation. While adaptation on the fivel s below the
optimum, it is possible that total adaptation expenditimébe industry are above
when demand is elastic. With additional pollution, adaptaexpenditures can
increase or decrease, depending on whether demand istinelaslastic. Under
special conditions (that are associated with a non-existanket equilibrium) it
may even be the case that there is both more production andatida due to
pollution. In any case, pollution causes welfare to de&gias. there is a welfare
loss. A share of this loss can be attributed to market failttewever, the wel-
fare loss from market failure decreases with pollution im@ad is elastic. Total
welfare loss from pollution and the welfare loss from marfkdture only increase
convexly with pollution if demand is inelastic and the infhge of pollution on
production costs is stronger than the influence of adapta@herwise, the wel-
fare loss is concave with respect to pollution.

| first introduce the basic model of the paper in a social ptarmontext, and
determine the oligopolistic equilibrium subsequently. HBeblutions are com-
pared for a given pollution level by showing that the oliglypsolution can be
reduced to a special social planner problem. Finally, ietetmined how the dif-
ferent dfects change with increasing pollution. A proof of all reletvaases for
the dfects of pollution in the presence of adaptation and a dismus®ncludes
the paper.

2. Themodel and optimal adaptation

In this section | consider the adaptation and productionsg&t of a social
planner that takes pollutiok as given. This might represent the situation for



a region that is fiected by climate change, but has only marginal influence on
global emissions.

Production of a consumption good can be delegatet>dl firms with iden-
tical unit production costs(a;, k), whereg; is the defensive adaptation of a single
firm i. The partial derivativesy > 0,C > 0,Cy < 0,Caa < 0,Ca¢ < 0, such that
unit costs convexly increase with pollution, and convexdgrase with defensive
adaptation. The cost-reducinffect of adaptation increases for higher pollution.
The quantity produced by firmis denoted by;. Preferences are expressed by a
duction. Utility is not directly &ected by pollution, i.e. pollution only changes
production costs. The social planner decides on the nunilfiems n, production
x,i =1,...,nand defensive adaptati@ni = 1, ..., n. Taking constant unit costs
of defensive adaptationq welfare

WS 1= U(nx) — ac(a, Kinx — gna, (1)

needs to be maximized with respectdoa;, n. The constant paramteris intro-
duced for use in a later section (to reduce the market soliti@ special social
planner case). The social optimum corresponds te 1. Sincec'd—"‘r’]S < 0, the
smallest possible number of firm$ = 1 is optimal.

The first order conditions for production and adaptatiomthield the equa-
tions

U’(x) = ac(a, k), 2)
—aCy(&, k) X =0, 3)

that determine the optimal productioti and defensive adaptatiaj for given
pollution k. Note thatx’ = x* due ton* = 1. The equations state that the
marginal benefits of production and of defensive adaptatiespectively, equal
the marginal costs. For convenience;= c(a;, k) in the following.

By defining the cost elasticity of adaptatien= c, < 0, Eq. (3) is equivalent
to

(4)

such that the fraction of expenditures for defensive adimptéo production costs
increases when costs are more elastic with respect to didepta

By taking the total dierential it can now be determined how the solution
depends on pollutiok and unit adaptation costg(see Appendix A for detailed
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calculations). To simplify expressions, the cost elastiof adaptatione, < O,
the cost elasticity of pollutioey, = ck‘g > 0, and the inverse elasticity of marginal

utility e, = (U”%)‘1 are used. Elastic marginal utility corresponds-tb< ¢, <
0. We further introduce the parameter

It has an indeterminate sign and will be crucial in the rerdairof this paper. The
comparative statics for the social optimum can then be espkas

(Recall thatx® = x*.) All these expressions have an ambigous sign that is prtia
determined by. Observe that the cost elasticity of pollutignhas no influence
on the défect of adaptation costs. The (technical) parametenly plays a role for
the sensitivity of production to adaptation cost changeseréstingly, defensive
adaptation does not necessarily increase or decrease défitadion costs. The
intuition that higher costs for adaptation make this atgiless attractive is only
true foru < 0. Moreover, also higher pollution does not necessarilyease
adaptation. Both depends arand on the elasticity of marginal utility. Also the
effects of adaptation costs and pollution on production areigouols, but solely
depend oru. Observe thati completely determines the sign of three of these
expressions. Both pollution and increasing unit adaptatasts move production
in the same direction. If pollution causes a reduction ofroat production, an
increasingy has the samefkect. Changing unit adaptation costs shift production
and defensive adaptation in the same direction. If lessndefe adaptation is
optimal due to increasing costs, production is reduced #s we

Since the sign ofi and the elasticity of marginal utility determines these ef-
fects, it is worth having an overview of all possible casesteNhat 0< ¢, + 1
impliesu < 0. Hence, there are just three cases (see Table 1). Case (Esapp
for elastic marginal utility. For inelastic marginal utylj case (2) is appropriate



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

ul =) -) (+)

e+l (+) -) -)
marginal utility | elastic | inelastic| inelastic
ddg| (=) (| G| & ¢
d/dk | (=) ) |6 (O] )

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

if additionally, e.g., the costs from pollution are very lesic with respect to de-
fensive adaptation. Case (3) is in particular relevant ihlstgmand and defensive
adaptation are very elastic.

Proposition 1. When the fect of adaptation is independent from the produced
quantity, it is socially optimal to produce with one firm, ité.= 1. The adaptation
and production decision is determined by Eq. (2) and Eq. ey depend on
pollution and unit adaptation costs as given in Table 1.

Case (1) roughly corresponds to what could be expected: Wieeaiimore pol-
lution, the dfort put into adaptation should increase, but cannot fullpgensate
production loss. The present analysis shows that this igigea particular situa-
tion. It might as well be that there is less adaptation in ttes@nce of increasing
pollution (case 2). Since marginal utility is inelastic lmat case, the increasing
costs from pollution cause production to decline sharplpdér these shrinking
conditions, it is not worth putting too mucHfert in keeping costs stable. Case
(3) also shows a contra-intuitive situation, where proituncexpands due to pol-
lution. The cost-reducingfkect of adaptation is so strong that more production
becomes fiicient. It should be noted that this case does not imply welfmins
from pollution, since the increasing expenditures for defee adaptation have
to be taken into account. | will show below that this case esponds to a non-
existing market equilibrium. In sum, the diversity of cagesaused by the fact
that pollution does not only change the optimal level of defee adaptation, but
also the amount of production. Botlffects can interfere in fferent ways and
become more complicated in oligopolistic markets.

3. Adaptation in the oligopolistic mar ket

This section determines how a market economy solves theatapproblem.
Since adaptation costs are independent from the amounbdtiption, there are
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economies of scale such that there is an oligopolistic titna

It is assumed that there are no barriers to entry and to exitrtarket. All
firms simultanously decide on market participation, on pidithn and on adap-
tation. The number of participating firms is thus endogenoukis model. The
adaptation decision, the production decision and the nhatkecture are interde-
pendent. For analytical reasons | proceed in two stepst IRake the number of
firms n as fixed, and determine their production quantity decision= 1,...,n
and adaptation decisiay = 1,...,n. Second, the equilibrium number of firms is
determined from the zero profit condition.

As in the last section, the unit production cost functefa;, k) 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 k&rsolution by
reasons that will become clear below). All firms operate ansdaime market with
the inverse demand functige{x) = U’(X). The inverse elasticity of marginal util-
ity €, is thus equivalent to the elasticity of demand, suchépat —1 corresponds
to elastic demand. When considering a single fiyitine production of all other
firms is denoted by, i.e. X = X + X_;. Each firm thus faces the problem

max = p(x + X.)% — c(a, KX — qa;, (10)

wherern; represents the profits of th firm. By symmetry it can be concluded
thatx = nx. The first order condition with respect xis

1
p(nx)(1+ —) = c(a. k), (11)
Nep
which is a solution only if
1+ L > 0. (12)
Nep

The latter holds, for example, if demand is elastig£ 1 < 0) andn > 1. For
inelastic demand an interior solution dependsiam a more complex way.
For the adaptation decision, the first order condition y@eld

—Ca(&, K)X = Q. (13)

Eq. (11) and Eq. (13) together represent the market soldtioa given number
n. Is is already obvious that this solution istdrent from the social optimum
(cf. Eq.2, Eq.3). Itis also clear that the degree of théedence depends an

Eq. (13) reflects that the costs of defensive adaptationrategenously selected
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by the firm. Unit adaptation costs then equal the associatedinal cost reduc-
tion. Eq.(11) shows a price mark-up depending on the numbBmas. Since
adaptation costs are like fixed costs for the productionsi@ei(they do not ex-
plicitly appear in Eq.11), increasing adaptation mightespe competitors out
of the market, such that the price mark-up would increasrgetty providing an
additional incentive for adaptation. | explore this now.

Without entryexit barriers, firms entdeave the market until profits vanish.
The numben is thus determined by the zero profit conditign= O that is equiv-
alent to nga

p(nx) = c(a, k) + 7, (14)

such that the market price is equal to the average costs: ots of defensive
adaptation can be recovered from the quantity that is solthemrmarket. By
substituting Eqg. (13) foq in Eqg. (14) we obtain

p(nx) = c(&;, k) — aica(a, K). (15)

Substituting this in Eg. (11) results in the market equilibr number of firms
determined by

1
1+ —)y=—%

(16)

In practice,n can only be an integer. To simplify the further argument wi wi
disregard this to prevent distractions. Eq.(16) shows tiatnumber of firms
depends on the adaptation decision, but in an ambigous wayatiditional prop-
erties of production costs are known. With increasing pihuthe number of
firms may change as well. There is a potential for a “squeeaingifect” due to
pollution and adaptation. Yet, for the special case of ael&siic production cost
and demand function, the equilibrium number of firms derifrech Eq. (16) is

1_63_

n= a7)

€ap

beingindependentrom pollution. The number of firma increases with botk,
ande,. If (ceteris paribus) demand is less elastic or if defenadaptation reduces
costs more fectively, there are more producers in the market. There ilemo
leeway for cost recovery due to higher price mark-up or lessdrfor adaptation
expenditures. Interestingly, is also independent from thefect of pollution on
production costsx. These statements have yet to be taken with care, since they
correspond to the special case of isoelasticity.
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It can now easily be seen that far < 0 the equilibrium number of firms
indeed yields a proper market solution: (i) Eq. (17) respdeat condition Eq. (12)
by elementary calculations; and (i)< O is equivalent tan > 1. With reference
to Tab. 1 it can be concluded that in the cases (1) and (2) a Gbaquilibrium
exists, while in case (3) no equilibrium exists. | therefooacentrate on the cases
(1) and (2) in the remainder of the paper.

Whenn is determined by Eq. (17), the marginal condition for thedoiction
decision Eq. (11) simplifies tp(nx) = (1 - e3)c(&, K). The solution can therefore
be summarized as follows:

Proposition 2. Assume that demand and unit production costs are isoelal$tic
U = eep + 1) — 1 < O, then there exists a Cournot equilibrium, &", n* = Z—;
that is determined by

p(n*x") = (1 - &) c(&', k), (18)
—Ca(&',K) X" =q. (19)

Here and in the following, the superscript denotes the market solution, and
ct = c(a, k). Asin Eq. (4) for the social planner case, the ratio of exjitemes
for defensive adaptation costs to production costs is dextby the equation

ag’

—€3 = m (20)

4. Over- and underadaptation in the Cournot equilibrium

The indficiency of the oligopolistic solution is obvious. The intgtiag ques-
tion is yethow both solutions dfer. How do both solutions change with respect
to adaptation costs and pollution? Does the market spenthtmh or too little
for defensive adaptation? Does market failure cause uoderer-adaptation?

| defineunder-adaptatioras unit production costs above th&aent level, i.e.

c* < ¢*, andover-adaptatiorby c* < c*. When there is more than one firm in the
oligopoly, there may be too little defensive adaptation¢sithe benefits of adapta-
tion only contribute to the profits of the firm that undertake®©n the other hand,
since the adaptation decision is linked to economies oeseald therefore to the
number of competitors, there might be an incentive for quemsling in defen-
sive adaptation. Finally, increasing revenues from markprcing in oligopoly
may finance more adaptation. At the current stage of the a¥guiis unclear



which of these ffects is dominant, and ambiguous results may be expected. The
following paragraphs solve these questions step by step.

| first ease the comparison of the market solution and theakptanner by
using the parameter from the social planner solution Eq. (2), Eq. (3). By setting
a = (1-¢) > 1, and by replacing with § = aqn, it is straightforward to compute
that the optimal solution of this modified equation systerforsnally equivalent
to the oligopoly solution Eq. (18), Eq. (19). This means thatoligopoly solution
is identical to that of a social planner that accounts fodpmtions costs that are
multiplied by the factor (+ €,) > 1 and adaptation costs multiplied by the factor
n(l-e¢) > 1. Since 1< a andq < §the replaced paramters can be interpreted as a
situation with less #ective adaptation and more pollution. The oligopoly market
behaves like a counterfactual social optimum with lessdeaable environmental
conditions.

Next turn to the comparative statics of the Cournot equilitori This is straigt-
forward due to the reduction to a modified social plannertsmiuabove. Since
9 =n(1- &), Eq. (6)-Eq. (9) yield

ddﬂ B —Epea)u 3_ 1)
‘if; -2 (22)

These expressions have the same signs as in the social optiithe cases (1),
(2) from Tab. 1 therefore apply to the market solutions as.Wel the sensitivity
of the market solution to changes in unit adaptation costispatiution makes a
difference in terms of degree.

Now compare the social optimum with the market solutionc8in< 0, pro-
duction decreases for higher pollution and higher adaptatosts due to Eqg. (21),
Eq. (22). As we have seen above, the oligopolistic solusadentical to a social
optimum with highek andg. Since also > 1, for both cases

X <X =X (25)

Comparing the adaptation decision is less obvious, but itbeashown (in Ap-
pendix B) that due to the convexitiy properties of produciosts and demand
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function
X' <X oea <a (26)

for both cases (1) and (2). The main conclusion of Eqg. (25)Emnd26) can thus
be summarized as follows.

Proposition 3. If demand and unit production costs are isoelastic ané: D,
there is under-adaptation in the Cournot equilibrium andsiproduced less than
would be socially optimal.

It should be noted that it remains open whether the total amofiadaptation
n*a’ is above or below'a. It holds than*a® > na’ if and only if (n*)(@* %" >
(1 - &). Although there is under-adaptation in the market, todalgation expen-
ditures of all firms might be too high.

5. Welfare effects of pollution

When pollution increases it can be expected that welfareedses. Until
now it yet remains unclednow the welfare loss from the externality changes.
This is determined in this section. Welfare in the sociahpkr case is given by
WS = U(x") - ¢'x* — n*qa’, and in the Cournot oligopoly by

=U(n"x) - n"c'x" —n*ga’.

Both WS and WM depend on the amount of pollutidn With welfare in the
absence of pollution denoted WS andWM, respectively, the (total) welfare loss
from pollution is defined a8VS — WS for the social planner, and/™ — WM in
the oligopolistic market. The marginal welfare loss fromlykon is thus—M

and— dWH . For a given amount of pollution, theftBrenceA = WS — WM, called
Welfare Ioss from market failure, compares welfare betwberoptimal solution
and the market equilibrium. It measures the degree of méalete and is always
positive since the Cournot solution is ndtieient. The welfare loss from market
failure may also change with

To simplify calculations, | concentrate on isoelastic dathand production
costs. It is assumed that case (1) or (2) (with an existingketasolution) ap-
plies. Already under these conditions a spectrum fiécent crucial cases appear.
The results of the preceeding sections already show thgbribsluced quantity
decreases with pollution — both in the market and the optsokition (cf. Tab. 1).
Expenditures for defensive adaptation costs might inereaslecrease depending
on the case.
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It is straightforward to determine that the welfare loss@ases with pollution,

daws | c' X"
—W:XCk:ﬂ(k >0, (27)

by using Eq. (2) and Eq. (3). In the market solution

dwM LOX € —lctntx’
= € - = € K

> 0, (28)

due to Eq. (18), Eq. (19) and the comparative statics Eq. (P3¢ marginal wel-
fare loss includes theffects from (i) increased production costs, (ii) expendgure
for defensive adaptation, and (iii) changes in market stinec In the market so-
lution, welfare decreases with pollution as well, but at féedent rate. Note that
Eagl > 1, such that the market solution is more sensitive to polluitioa situation
with comparable adaptation and production levels.

By using the comparative statics Eq. (8), Eq. (9), and Eq, (E8) (24), re-
spectively, the second derivates are

d?ws e(ep + 1) c'X*

—— =&l P4 o (29)
d>wM €a—1 elep+1) cnx’

- dk2 = —€k u ( u ) kz (30)

Again, both expressions formally onlyftér by the factm%l. More importantly,
they have an indeterminate sign. The welfare loss from pofius convex both
in the market and optimal solution if and only if

+1
aorl) 4 _q (31)

Finally, turn to the welfare loss from market failute By employing the above
Eq. (27) and Eq. (28),

aA_ € wox 1_€a+++

W__FCX’L 5 c'n'x’) (32)
_ &Ly
—eak(na T a). (33)

The second equality is due to EqQ. (4) and Eq. (20). This espe$ias an indeter-
minate sign, depending on a relation of the production aorsts the expenditures
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for defensive adaptation, respectively. A special caséiegpwhen the total adap-
tation expenditures are higher in the oligopoly than in theia optimum. Since

EaT‘l > 1, Eq. (33) shows that fana® > n*a; higher pollution increases welfare
loss from market failure. Otherwise, th&ect remains ambiguous. Recall from

the last section that both is possible.

6. The complete effects of increasing pollution

The above analysis shows that the three cases introducexbiri Bre crucial
when consequences of the interdependency of adaptatiomanhket structure are
considered. Only cases (1) and (2) lead to a Cournot equitiprivhere the pa-
rameteru is negative. In these cases production always decreaskigfar levels
of pollution, while adaptation may increase or decreasesd@ipng on whether
demand is inelastic or elastic. The comparison of the sapémum with the
oligopolistic market shows that production is always lowethe market, and
that rising unit production cost from pollution are not sethe dficient level by
adaptation. The loss from this market failure may yet desgem increase with
pollution, depending on the sign of Eq. (33). This conditmmtains the paramter
u, but this does not determine th&ext completely. Finally, condition Eq. (31)
shows that the welfare loss may be convex or concave in thesainad pollu-
tion. This is, again, not completely determined by the sifjn and the demand
elasticity. Combinatorically, there may thus be potentiaiight cases, of which,
however, only three cases can occur.

Proposition 4. If a Cournot equilibrium exists, and if both demand and una-pr
duction costs are isoelastic, increasing pollution has tbkowing gfects: (i)
production x decreases, (ii) welfare decreases, (iii) there is underpaton,
(iv) defensive adaptatiorfawelfare loss from market failurg, and total welfare
loss change according to one of the cases given in Tab. 2.

A complete proof is given in Appendix C.

The cases (1a) and (1b) further refine the former case (1)aniT&rRecall that
case (3) in Tab. 1 is not considered here sincaufer 0 no Cournot equilibrium
exists. It holds in all cases that

dct € C"
ak = "uk
due to Eq. (24), i.e. even if defensive adaptation increastdspollution, the unit
production costs are still rising.

13



case| (1a) (1b) (2)
description| inelastic demand inelastic demand elastic demand
&ek>?1+l—ea &ek<?l+l—ea
adaptation| increasing increasing decreasing
loss from market failure convex inc. concave inc. convex dec.
total welfare losg convex inc. concave inc. concave inc.

Table 2: All cases for theffects of increasing pollution.

The diferences due to the demand elasticity were already discusSeat. 2.
When demand is elastic (case 2), rising production coststtesiiongly decreas-
ing demand, such that there are less incentives to spen@fenslve adaptation.
Due to pollution, the market is shrinking at a rate that reegia reduction of adap-
tation. Decreasing adaptation reduces economies of sgaletsat the cause of
market imperfection is less dominant, leading to less wellass in the oligopoly
compared to the social planner. Although there is a risitg) t@elfare loss from
pollution, the share of this loss that is attributed to maf&#ure is getting smaller.
In case (2), pollution partially “cures” market failure. iSteffect is strong enough
to make total welfare loss a concave functiorkin

In the cases (1a) and (1b) the inelastic demand makes itaislefito increase
adaptation (as intuition would suggest for all cases),espreces strongly increase
due to reduced production. This gives revenues to covertatiap costs. Since
this dfect increases with pollution, welfare loss from marketualincreases. In
case (1b) the elasticity of production costs to pollutipis lower than the joint
effect of defensive adaptatione, and the market adjustments,+ 1)*. The
welfare loss from market failure is thus only a concave fiomcin k. Only if
pollution increases production costs with an elasticigt ttannot be fi-set by
defensive adaptation and adjustments of the market (cgséhkavelfare loss is
a convex function irk. In the presence of such a strong externality, the loss from
market failure convexly increases as well. In both casesgid (1b), considering
the adaptation decisions implies increasing market fafitom pollution. Yet only
in case (1a) thisféect may become excessive.

7. Discussion

The above shows that there is a welfare loss when adaptatieft o the mar-
ket. What is then, precisely, the underlying market failuiid® problems arise
due to the oligopolistic market structure, but how does thesjbility of adaptation
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cause this? Since the number of firms is bounded, there isteondpr mark-up
pricing. The higher revenues can be used to finance moreaaaptwith the
side dfect that competitors that do not expand their adaptatioeritures stier
from higher production costs and may be driven out of the etarkhis would,
in turn, increase mark-up prices and thus set incentivesver-adaptation. On
the other hand, with more than one firm in the market, thera i;meentive for
under-adaptation since only the individual firm benefitsrirprivate adaptation,
although other firms could do so as well. The analysis redeatsich of these
effects dominate. The crucial point here is the assumptiortlieadtects of adap-
tation are independent from the quantity produced, beiegctire reason for the
oligopoly to emerge.

For the case of constant pollution, this argument of endogemarket struc-
ture boils down to the special case analyzed by Dasgupta égidz51980). In
their interpretation, defensive adaptation has an analaggprocess innovation,
where the innovation costs are like fixed costs, and bendfitgovation are pri-
vate. That gives a competitive advantage, increases egesaiscale, but leads
to duplication of the innovation compared to the social pm The interpreta-
tion as defensive adaptation or as innovation is not onlyra&b analogy. It is
likely that many adaptations to pollution require new temlbgies or organisa-
tional innovations. For the case of climate change thareadly claimed in some
literature (e.g. Berkhout et al., 2006). We therefore havarsalogy and a fresh
new view on adaptation. The present paper extends thissiedly considering
pollution as an influence on the cost reductions achievaplariovation. Since
the marginal &ect of adaptation increases with higher pollution, this idonean
in the analogy that an externdfect improves the benefits of research and devel-
opment. In this sense, the results of the paper can be appligay case where
an externality (be it from pollution or something else) ioyes the outcome of
activities to reduce production costs.

In environmental economics and the integrated assessrhelimate change,
the damage function that assigns a negative exteffedteo the level of pollu-
tion is a core category. The analysis of this paper indicdtas however, two
types of damage functions need to be distinguished. Thetfiast may be called
the “basic damage function”, describes damages under tharguion that the
victims of an externality do not undertake arfjoet to reduce that damage. The
second, that may be called “optimized damage function'ymses that — given a
portfolio of adaptations — the victims select the optimatiop to avoid negative
consequences. In the same vein, Tulkens and van Steenl§2@§l$y distinguish
between “stfered damage costs” and the “optimally adapted damage awst fu
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tion”, and Fankhauser (1996) between “adaptation costd™esidual damage
costs”. Even though the basic damage function might be cortkie optimized
damage function can become concave. Of course, there negbthler damage
functions between the basic and the optimized damage ématihen, e.qg., insti-
tutional constraints or bounded rationality are considehe this paper, the basic
damage function is the increase of unit production costs fpollution. The op-
timized damage function for a firm determines the profit Idske firm selects
the optimal level of defensive adaptation and adjusts itputu In the aggregate
of all producers and consumers in a given market, the totlihredoss from pol-
lution represents a further example for an optimized danfiagetion. It should
be carefully noted that this entails two interrelated typésdaptation:defen-
sive adaptatiorto reduce increasing production costs from pollution, avaatket
adaptationby adjusting quantities or prices.

8. Conclusions

This paper aims at contributing to the question about thel mé@adaptation
policies in the presence of adaptation costs that are imilgpe from the quantity
of production. It is shown that this leads to economies olfestteat are associated
with market failure. It is therefore crucial to know whettibis leads to over- or
under-adaptation. The paper further determines how thiakedbss from pollu-
tion increases, and how pollution determines the welfase foom market failure.

It is investigated how the Cournot equilibrium changes in parison to a
social planner solution. The analysis is based on the agsumjhat pollution
negatively #ects unit production costs, but that thifeet can be fi-set with
defensive adaptation. Adaptation is a private good thatowgs production costs
for the whole firm. If the amount of adaptation would be excgmrsly set, the
associated expenditures were fixed costs. These fixed gesss the root of the
resulting oligopolistic equilibrium, where it is assuméet there are no entry or
exit barriers. Firms simultaneously decide on market pigdtion, production
and adaptation. The situation becomes complicated siecadfiptation decisions
determine economies of scale and thus the number of firmsmaineet structure
is therefore endogenous. This, in turn, determines thetatiap and production
decision. The core results are shown for isoelastic demadduait production
cost functions. This simplification already yields a spaatiof crucial cases that
may serve as a starting point for further analyses.

The results are as follows. Due to the oligopolistic struetthe market equi-
librium deviates from the social optimum. Since there ardixed costs except
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adaptation expenditures in the model, the market failuoaised by adaptation.
As a consequence, there is always under-adaptation tatipalim the sense that
unit production costs are above thi@@ent level. While it might be intuitive that
defensive adaptation increases with higher pollutiors thionly true if demand
is inelastic. Otherwise, market adaptation is so strondp $kiat less adaptation
expenditures can be recovered from revenues. This costescis a crucial issue
for the market solution, while in the social optimum theraliso a case (corre-
sponding to an inexistent market solution) where both de¥enadaptation and
production increase with emissions. In the cases where ketaquilibrium ex-
ists, demand elasticity determines whether the markenlshr— making it prof-
itable to spend less for defensive adaptation —, or whetbangive adaptation
expands. In both these cases production decreases withipoll Although wel-
fare is generally reduced by pollution, there aréfedtent €fects depending on
further conditions. When demand is elastic, the total welfass from pollution
is a concave function of the amount of pollution. For inetademand, it is con-
cave or convex depending on a further condition that conspire direct &ect
of pollution on production costs with the indiredtects of defensive adaptation
and market adjustments. If the dired¢fext is weaker, the function is concave as
well. 1t is only convex if demand is inelastic and the direffeet is compara-
tively strong. These three cases illustrate that the stdradsumption of a convex
damage function in environmental economics is just a spease. With elastic
demand the standard convexity properties break down. Ehis line with the
thoughts presented by Starrett (1972); Winrich (1982) ahédrs. More impor-
tantly, it can be seen that the welfare loss from marketifails reduced by pol-
lution if demand is elastic. Pollution then “cures” markaildre. This is linked
to the result that defensive adaptation decreases in thes can the other hand,
the welfare loss from market failure increases for inetadéimand. This relation-
sship is even convex in the case where the total welfare $ogxonvex function
of pollution as well.

Independently from which of the cases analysed in this pagteially applies
to a concrete market, the results indicate that existingtuti®ns for market reg-
ulation of oligopolies need to be adjusted to rising potlatlevels. It may even
be the case that new market failures arise in sectors thatlbeasfixed costs, but
are now increasingly under pressure to adapt. For the $pasia of adaptation to
climate change it follows from the model in this paper thatréis no requirement
for specific regulations targeted dtieient adaptation. It is, instead, required to
mainstream thefects of climate change into existing market regulation.

17



Appendix A. Compar ative statics of social planner

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

U’ (X") = ac(@, k), (A.1)
—acy(a’, k) X' = q, (A.2)

sincex’ = x*, & = a". The total diferential is
U”dx = a(csda+ cdK), (A.3)
—ldq = CdX + XCGada+ Xcydk (A.4)
a

It follows from Eq. (A.3) that

dx acy accdk

da_U” " Urda (A-5)
dx acsda ac
a( = U”a(-l- U”' (A6)

First consider the case where the unit cost of adaptgtdrangeseteris paribus
i.e. dk = 0. It then follows from substituting Eq. (A.5) into Eq. (A.#at

dx Ca

dq  a@+ xU"Cay’ (A7)
Eq. (A.7) together with Eq. (A.5) yields
da dx/dg 1 U (A.8)

dq  dx/da  @ac®+XU"Cay’

| now turn to the &ect of ceteris paribuschanging pollution, i.e.dq = 0. It
follows from Eq. (A.4) that

dx _ XGada  XCu
dk ¢, dk ¢’

and equating with Eq. (A.6) yields

da = XU"Ca + aCaCx
dk XU Caq + aC2 ’

(A.9)
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and by analogue calculations

dx _a X(CkCaa — CaCak)

— = . A.10
dk XU”"Caa + C2 ( )
These expressions are now simplified using elasticitieg tDUEq. (2)
U
xu” = — = 2 (A.11)
€ €p

The (identical) denominator in Eq. (A.7)—-Eq. (A.10) is threggial to

e,
a— —(e46p + €5 — 1).
azep(ap a )

This can now be applied to all four equations. Define (e, +€—1). EQ. (A.7)

boils down to
dx € a

With Eqg. (A.11) and Eq. (4),
da a
ﬁ _ q_u (A.13)

is obtained. With the cost elasticity of pollutien = ckg > 0, the numerator of
Eqg. (A.10)
c?X
aX(CxCaa — CaCak) = —aeaek@ >0,

and dx y
ax _ _ &ep X
AT (A.14)

By Eq. (A.11), the numerator of Eq. (A.9) equals

1+¢p c?
e ak

€6k

yielding
da 3 Ek(l + Ep) 9—

ok - (A.15)

19



Appendix B. Comparison of market and social optimum

This section shows that < X' © a' < &.

The inequalityx’ < x" implies that
q a

KRS
Consequently, due to Eq. (19) and Eq. @)&", k) < ca(a;, k), such that the con-
vexity of cimpliesa’ < &/, being the first direction of the proposition.

Now assume that" < a', such that the monotonicity afresults in
c(a", k) > c(a, k) > 0.

Thus also (} e)c(a’, k) > c(a;, k), since the first term is greater than one. Then
Eq. (18) and Eq. (2) implyp(n*x") > p(n*x‘). Sincen* > 1 = n*, the monotonic-
ity of pimplies thatx® < x".

Appendix C. Proof of the complete effects of increasing pollution
This appendix provides the proof of Prop. 4.
(i) The production of a single firnx" decreases witlk due to the comparative

statics Eq. (23). Since the number of firms is independem kalue to Eq. (17),
total productiornx* decreases as well.

(i) Welfare decreases with pollution by Eq. (28).

(iif) Under-adaptation for all cases is already stated iopPB.

(iv) Adaptation: The dierence between case (2) on the one hand, and case (1a),
(1b) is obvious by comparing with Tab. 1. Recall that Eq. (Ef)){24) show that

the comparative statics for the oligopoly solution haveshme signs. Thus, ada-
pation is increasing with pollution in case (1a), (1b), whil case (2) the opposite

holds.

(iv) Total welfare loss: Recall that the welfare loss is coniid=q. (31) holds. In
case (2) this is impossible sineg + 1 < 0, andu < 0 by assumption. In the
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cases (1a) and (1b) with® ¢, + 1, Eq. (31) is simply equivalent to the condition

1
ek < 6p+1 Ea.

(iv) Welfare loss from market failure: By defining

vi=(a' - Ea; 1naf), (C.1)
B:=%q<o0, (C.2)
€a
Eq. (33) can be written as
oA v
K- 'BR' (C.3)
Now use the elasticities and the comparative statics EQE(®)24) to determine
qe= (@ = A = ug (C.4)
with

Sinceu < 0, 4 has the same sign as,(+ 1). Eq.(C.4) represents affiirential
equation forv with respect tk that is solved by

V = ok, (C.6)

wherev, is a constant that needs to be chosen properly. The welfaseflom
market failureA(k) > 0 in the presence of pollutiokcan then be determined by
integrating Eqg. (C.3) with respect koas

k
A(K) = f 0 g = Pk, (C.7)
0 K H

In case (2)u is negative, such that Eq. (C.7) shows thas convexly decreasing
in k as stated in Tab. 2. In case (1b), the conditiprc ;ﬁl — € IS equivalent

to 0 < u < 1, makingA an increasing but concave functionkn By the same
argument 1< u in case (1a), yielding a convex function.

It has thus been shown that all the properties given in Talel@ tmder the con-
ditions given in the first row and the assumption that the@nisnterior solution
of the oligopoly market.
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