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Abstract

Consumers increasingly care about the environmental quality of the goods they
consume. However, limited attention impairs consumers’ ability to compare and
evaluate the environmental quality of goods. I show that investments in environ-
mental quality, consumer surplus, producer surplus, and welfare are non-monotonic
functions of attention. Average environmental quality, consumer surplus, producer
surplus, and welfare are highest under intermediate (but different) levels of atten-
tion. In addition, limited attention influences the effectiveness of policy interven-
tions. I identify conditions under which emission taxes, subsidies, information cam-
paigns, and mandatory disclosure lead to less investments in environmental quality,

more emissions, lower consumer surplus, or lower welfare.
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1 Introduction

Consumers increasingly care about the environmental quality of the goods they consume.*

Yet, environmental quality is not an obvious characteristic of the goods that can be
experienced easily in the store. Comparing goods with respect to their environmental
qualities is often difficult and requires attention. However, increasing evidence documents
that consumers display limited attention in consumption decisions.?

The objective of this article is to analyze the implications of consumers’ limited at-
tention on firms’ investments in environmental quality and on the resulting welfare. In
addition, I analyze the effectiveness of different policy interventions in the presence of
consumers with limited attention. I consider a model where two symmetric firms can in-
vest in environmental quality to reduce the emissions caused by their goods. Consumers
have heterogeneous preferences for environmental quality but display limited attention.
I model consumers’ limited attention to environmental quality with a perception thresh-
old.? That means, consumers notice the difference in environmental quality between the
goods if and only if the difference exceeds the perception threshold. A lower perception
threshold then implies a higher level of attention.

Modeling limited attention as a perception threshold captures situations where large
differences in environmental quality are salient and draw consumers’ attention. For ex-
ample, if the difference in fuel efficiency between cars is large, consumers notice this
difference and this difference sticks to consumers’ minds during the consumption deci-
sion. In contrast, if the difference in fuel efficiency between cars is small, this dimension
is not salient and will not come to mind during the consumption decision. In addition, in
situations where the environmental quality of the goods consists of different aspects (e.g.,
transportation costs and packaging), a perception threshold captures that if one good is
better in all dimensions, i.e., the difference in environmental quality is large, consumers
are able to infer more easily which good has the higher environmental quality. Yet, if the
goods perform differently in the different dimensions of environmental quality, i.e., if the
difference in environmental quality is small, inferring whether one good has overall higher
environmental quality is more difficult.

I show that limited attention affects firms’ investments in environmental quality and

the resulting welfare: Environmental quality, consumer surplus, producer surplus, and

1See, e.g., Ward, Clark, Jensen, and Yen (2011); Léschel, Sturm, and Vogt (2013); Diederich and
Goeschl (2014); Kuhn and Uler (2019); Hulshof and Mulder (2020); Bartling, Valero, and Weber (2022).

2See, e.g., Chetty, Looney, and Kroft (2009); Brown, Hossain, and Morgan (2010); Lacetera, Pope,
and Sydnor (2012); Busse, Lacetera, Pope, Silva-Risso, and Sydnor (2013); Allcott and Taubinsky (2015);
Sexton (2015); Englmaier, Schmoller, and Stowasser (2018); Tiefenbeck, Goette, Degen, Tasic, Fleisch,
Lalive, and Staake (2018); Wang, Lee, Yan, and Thompson (2018); Andor, Gerster, Gillingham, and
Horvath (2020); Boogen, Daminato, Filippini, and Obrist (2022); Sejas-Portillo, Moro, and Stowasser
(2025).

3See also Allen and Thisse (1992); Bachi (2016); Webb (2017); Balart (2021); Chung, Liu, and Lo
(2021); Horan, Manzini, and Mariotti (2022); Schmitt (2022).



overall welfare are non-monotonic functions of attention. Environmental quality, con-
sumer surplus, producer surplus, and overall welfare are highest for intermediate (but
different) levels of attention.

For high levels of attention, i.e., for low perception thresholds, firms differentiate in
the environmental quality dimension: One firm produces goods with zero and the other
firm produces goods with a strictly positive environmental quality. This differentiation
allows firms to charge prices above marginal costs. The extent of differentiation depends
on the costs of investing in environmental quality. For intermediate levels of attention,
firms need to increase the difference in environmental quality between the goods to en-
sure that consumers notice—and are willing to pay for—the difference in environmental
quality. Consequently, with decreasing attention the equilibrium difference in environ-
mental quality increases. For low levels of attention, i.e., for high perception thresholds,
firms need to choose very different environmental qualities to ensure that consumers per-
ceive the quality difference. But then the costs of the firm with the higher environmental
quality are not covered by the revenues. Therefore, the firm produces goods with lower
environmental quality. However, as consumers are then unable to discern an environmen-
tal quality difference and buy from the firm with the lower price, Bertrand competition
yields zero revenues. Thus the firm has costs but no revenue. Consequently, the firm has
no incentive to choose an environmental quality above zero and both firms produce goods
with zero environmental qualities.

As environmental qualities and prices depend on consumers’ level of attention, pro-
ducer surplus, consumer surplus, and welfare also depend on consumers’ level of attention.
Producer surplus is highest under intermediate levels of attention where product differ-
entiation is higher and firms can charge higher prices. The consumer surplus results are
driven by a trade-off between prices and emissions. Consumer surplus is highest for that
level of attention, where firms produce the goods with the highest environmental quality.
This increases prices, but, as consumers have preferences for environmental quality, bene-
fits consumers directly as well as indirectly by reducing damages caused by emissions. As
producer surplus and consumer surplus are highest for intermediate levels of attention,
overall welfare is also highest for intermediate levels of attention.

In Section 6, I analyze the effectiveness of policy interventions under limited attention.
In particular, T analyze the implications of (i) emission taxes, (ii) subsidies, (iii) informa-
tion campaigns, and (iv) mandatory disclosure. If the market authority introduces an
emission tax, the environmental quality in the market increases and emissions decrease.
However, as an emission tax also increases prices, the effects on consumer surplus are
ambiguous. I identify conditions under which an emission tax reduces consumer surplus.

Subsidizing investments weakly increases environmental qualities, producer surplus,
and consumer surplus and weakly decreases emissions. Yet, for a range of situations

small subsidies have no effect. In addition, as subsidies are costly, the overall welfare



effect may be negative.

The effect of information campaigns that increase attention in the market depends on
the consumers’ original level of attention and the strength of the campaign: Information
campaigns are beneficial in markets with low levels of attention, where firms do not invest
in environmental quality. Then, an information campaign that increases attention to
an intermediate or high level of attention leads to higher investments in environmental
quality, consumer surplus, producer surplus, and welfare. However, environmental quality,
consumer surplus, producer surplus, and overall welfare are highest for intermediate levels
of attention. Therefore, in markets with intermediate levels of attention, an information
campaign that increases attention reduces investments in environmental quality, consumer
surplus, and welfare.*

Mandatory disclosure implies that all consumers observe the environmental qualities of
both firms perfectly. Consequently, the same equilibrium as under full attention occurs.
Firms use product differentiation to increase market power: One firm produces goods
with strictly positive environmental quality, the other firm produces goods with zero
environmental quality. Whether the effect of mandatory disclosure on emissions, producer
surplus, consumer surplus, and welfare is positive or negative depends on consumers’ level
of attention. I identify a range of intermediate levels of attention, for which the effect of
mandatory disclosure is negative: Without mandatory disclosure, average environmental
quality would be higher which would lead to lower emissions and higher producer surplus,
consumer surplus, and welfare.

The remainder of this article is structured as follows: Section 2 describes the contri-
bution to the related literature. Section 3 introduces the model. Section 4 derives the
equilibria and Section 5 discusses the welfare implications. In Section 6, I analyze the
implications of different environmental policies on the equilibrium and welfare. Section 7

summarizes the results and concludes.

2 Related Literature

This article contributes to two strands of the literature. First, this article contributes
to the literature on competition with limited attentive consumers. Second, this article
contributes to the literature on markets with externalities.

An increasing number of articles analyze the implications of limited attention on mar-

ket equilibria.® I model limited attention to the environmental quality of goods with

4The effect on producer surplus depends on the exact level of attention in the market.

5See, for example, Gabaix and Laibson (2006); Armstrong and Chen (2009); Eliaz and Spiegler
(2011a,b); Haan and Moraga-Gonzélez (2011); Ghosh and Galbreth (2013); de Clippel, Eliaz, and Rozen
(2014); Bordalo, Gennaioli, and Shleifer (2016); Heidhues, Koszegi, and Murooka (2016, 2017); Boyaci
and Akgay (2018); Hefti (2018); Manzini and Mariotti (2018); Astorne-Figari, Lépez, and Yankelevich
(2019); Hefti and Liu (2020); Heidhues, Johnen, and Koszegi (2021); Armstrong and Vickers (2022); Saur,
Schlatterer, and Schmitt (2022); Carroni, Mantovani, and Minniti (2023); Janssen and Kasinger (2024).
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a perception threshold (as in Allen and Thisse, 1992; Bachi, 2016; Webb, 2017; Balart,
2021; Chung, Liu, and Lo, 2021; Horan, Manzini, and Mariotti, 2022; Schmitt, 2022).
That means, consumers notice differences in environmental qualities between the goods if
the difference exceeds the perception threshold and consumers perceive the environmental
qualities of the goods as identical if the difference is smaller than the perception threshold.

That perception of differences is imperfect has first been analyzed in decision-making
models (see, e.g., Luce, 1956; Rubinstein, 1988).% In markets, consumers’ limited atten-
tion to differences between goods affects firms’ behavior and thus market equilibria: A
perception threshold on prices allows firms to set prices above marginal costs (Allen and
Thisse, 1992; Bachi, 2016). A perception threshold on the horizontal characteristics of
goods may increase product differentiation (Balart, 2021). A general perception threshold
on differences between two options affects firms’ incentives to offer additional goods that
help consumers to infer which of the original two options is better (Chung, Liu, and Lo,
2021). Webb (2017) is the first to introduce a perception threshold into a classical vertical
product differentiation model. Webb (2017) shows that firms always produce noticeably
different qualities in equilibrium and that the threshold has a (weakly) negative impact
on consumers.” In contrast, Schmitt (2022) shows that whether firms differentiate notice-
ably on the quality dimension or undercut the quality of the rival unnoticeably depends
on the market power of firms. I contribute to this literature by extending the analysis
of limited attention to markets with externalities and by analyzing the effectiveness of
different policy interventions.

Therefore, I also contributes to the literature on markets with externalities. I consider
consumers who value environmental quality, but display limited attention. The presence of
consumers who value environmental quality may incentivize firms to invest more into en-
vironmental quality (Arora and Gangopadhyay, 1995), but does not necessarily make pol-
icy interventions obsolete (Eriksson, 2004). Yet, minimum standards (Moraga-Gonzalez
and Padrén-Fumero, 2002) and taxes (Bansal and Gangopadhyay, 2003; Langinier and
Ray Chaudhuri, 2024) may also lead to higher aggregate emissions. Ambec and De Don-
der (2022) show that, although standards lead to higher welfare, consumers prefer taxes.
Schmutzler (2024) considers different types of innovation (environmental, process, and
product innovations) and shows that whether emissions increase or decrease depends on

the type of innovation and how it reallocates market shares. Herweg and Schmidt (2022)

See Gabaix (2019) for a survey on limited attention.

SHowever, such limited attention to differences is not always harmful to consumers. Horan, Manzini,
and Mariotti (2022) show that if perception is noisy, conditions exist under which coarser perception of
differences leads to better choices.

"In contrast to Webb (2017) who focuses on a relative perception threshold, I focus on an absolute
perception threshold (see also Bachi, 2016; Balart, 2021; Chung, Liu, and Lo, 2021; Schmitt, 2022). In
my model, a relative perception threshold would have no effect on the equilibrium or the welfare: Under
perfect perception, one firm chooses zero and the other firm a strictly positive environmental quality.
Then, the relative difference is infinite and thus always larger than any relative perception threshold.



show that with moral consumers taxes are better than quotas.

A common assumption in these models is that consumers are fully informed about
the environmental qualities of all goods. If consumers are not fully informed about the
environmental qualities of all goods, firms can employ labels (e.g., Ibanez and Grolleau,
2008; Li and van’t Veld, 2015; Fischer and Lyon, 2019; Heyes, Kapur, Kennedy, Mar-
tin, and Maxwell, 2020) or signal environmental quality through prices (e.g.. Sengupta,
2012, 2015). If consumers misperceive environmental quality, firms may invest more in
environmental quality (Lambertini, Pignataro, and Tampieri, 2020).

In contrast, I focus on consumers who display limited attention. Only a few other
articles consider models with externalities and consumers who display limited attention.
Farhi and Gabaix (2020) and Gilbert and Graff Zivin (2020) focus on optimal taxes. Farhi
and Gabaix (2020) show that optimal taxes should be higher if consumers pay limited
attention than if consumers pay full attention. Gilbert and Graff Zivin (2020) show that
the optimal tax depends on price salience. Houde and Myers (2019) find that standards
are mostly preferable to taxes and Allcott, Mullainathan, and Taubinsky (2014) find that
the optimal policy combines a tax with a subsidy. In Heyes, Lyon, and Martin (2018),
firms and an NGO invest effort to affect the attention that consumers pay to the damages
caused by the firms. Heyes, Lyon, and Martin (2018) show that firms prefer obfuscation
to abatement efforts.

I contribute to this literature by analyzing how consumers’ limited attention affects
firms’ investments in environmental quality. I also analyze equilibrium emissions and wel-
fare. In addition to analyzing the effectiveness of taxes and subsidies, I also analyze the
effectiveness of information campaigns and mandatory disclosure in incenitvizing invest-
ments, reducing emissions, and increasing welfare. I identify conditions under which these

policy interventions have negative effects on emissions, consumer surplus, or welfare.

3 Model

Two firms, firm 1 and firm 2, compete for a unit mass of consumers. Firms produce
goods with identical base value v € R{ to consumers. But goods can differ in prices
and environmental quality: Firm i € {1,2} produces goods with price p; € R{ and
environmental quality ¢; € Ry. I assume that the production of one unit of a good
without environmental quality leads to emissions € > 0. Firms can invest in environmental
quality to reduce emissions. An environmental quality of ¢; reduces the per-unit emissions
to € — ¢;. The emissions caused by firm i € {1,2} are then F;(g;,x;) = (€ — ¢;)x; where
x; = x;(pi, pjy @i, q;) with 7 € {1,2} and j # ¢ is the demand for the good of firm .%

8] assume that the firms only produce those units that are demanded.



Total emissions are F = F;(q1,71) + F2(q2, 72).° Investing in environmental quality is
costly: T assume that firms have identical costs for environmental quality C(gq;) = cq?
with ¢ > 0. All other production costs are set to zero. That means, firms have fixed costs
for providing environmental quality, for example, R&D costs, costs for making machines
more energy efficient, or costs for investing in green electricity for production. Each firm

i € {1,2} chooses its price p; and its environmental quality ¢; to maximize its profit
L (i, pjs @i, 45) = Pivi(Pi, Pj» 6i 45) — C @)

For simplicity, denote by h the firm that produces the higher environmental quality, i.e.,
qn at price pp, and by [ the firm that produces the lower environmental quality, i.e., ¢; at
price p;. Whether firm 1 or firm 2 is the high-quality firm depends on the firms’ quality
choices.

Each consumer buys exactly one unit of the good. The utility from buying the good
from firm ¢ € {1,2} is

ug(i) = v +60q; —p; — D(E), (1)

where v describes consumers’ valuation for the good. I assume that v is large enough
such that all consumers buy one unit of the good, i.e., the market is covered. Consumers
differ in their valuation of the environmental quality: # measures the consumer’s marginal
willingness to pay for environmental quality and is individually and independently drawn
from a uniform distribution on [0,1]. D(E) describes the damage that emissions cause
consumers. The functional form of D(FE) is not relevant to derive the subgame-perfect
equilibria: As there is a continuum of consumers, the effect that the consumption of an
individual consumer has on the total emissions and, therefore, on the damage is negligible.
Consequently, in their consumption decision, consumers do not take their effect on total
emissions and on the resulting damages into account. To obtain closed form solutions
for the welfare analysis, I use the following linear damage function: D(E) = E. As
a robustness check, I include a welfare analysis for D(F) = E? in the Appendix. For
sufficiently high e, the qualitative results of the welfare analysis remain the same.
Consumers decide between buying from firm 1 and firm 2 dependent on the environ-
mental qualities and prices of the goods. However, consumers only notice differences in
environmental quality between the goods if the absolute quality difference exceeds the
perception threshold 7 € Ry, i.e., if |¢1 — o] > 7. If the difference is below the perception

threshold, i.e., if |¢1 — ga2| < 7, consumers perceive the environmental qualities as identical.

9The emission function allows for negative emissions. I assume that € is large enough such that, in
equilibrium, emissions are positive.



Therefore, the perceived environmental quality §; is

i = qi if |1 —qo| > 7
o1, q2)  if | — o] <,

where ¢(q1,¢2) > 0. That is, if the quality difference exceeds the perception threshold,
i.e., if |1 — q2| > T, consumers notice the quality difference and perceive each environ-
mental quality perfectly. If the quality difference is below the perception threshold, i.e.,
if |¢1 — 2| < 7, consumers perceive the environmental quality of both firms as identical:
q(q1,q2). For example, ¢(q1,q2) could be the mean of ¢; and ¢o. The actual form of
q(q1, g2) is not relevant for the results, important is only that consumers perceive ¢; and
¢> as identical. I assume that all consumers have the same perception threshold. The
higher the perception threshold, the more inattentive consumers are to the differences in
environmental quality between the goods. A perception threshold of 7 = 0 captures the
benchmark of full attention.

A consumer prefers to buy from firm 1 if her perceived utility from buying the good
from firm 1 is higher than her perceived utility from buying the good from firm 2. If
the quality difference exceeds the perception threshold, her perceived utility is her true
utility given in (1). If the quality difference is smaller than the perception threshold, her
perceived utility is distorted in the environmental quality. A consumer thus prefers to
buy from firm 1 if ag(1) > 1(2) < v+ 041 — p1 > v + 0Ga — po. If the quality difference
is below the perception threshold, i.e., |¢1 — ¢2| < T, consumers think that the goods only

differ in prices and buy from the firm with the lower price:

tig(1) > 1(2)
v +0q(q1,92) —p1 = v+ 0q(q1, q2) — P2
<1 < po.

Therefore, the demand for the good of firm i € {1,2} depends only on the prices of firm

i, pi, and its competitor, p;,

1 if p; < py
x;nattentive (p“p]) — % if i = Dj

In contrast, if the quality difference exceeds the perception threshold, i.e., |¢1 — ¢2| >
T, consumers perceive the environmental qualities perfectly: §; = ¢ and ¢ = ¢2. A

consumer then buys from the high-quality firm if Gs(h) > Ge(l) < v+0q,—pn > v+0q,—p;.



Let § denote the indifferent consumer:

é Ph—pz'
qn — q

Then, all consumers with 6 < buy from the low-quality firm [ and all consumers with
6>0 buy from the high-quality firm h. The demand for the good of the low-quality firm
[ and the demand for the good of the high-quality firm A are thus'"

xlattentive(ph,pb qh, ql) == é
xzttentive<ph7plv dh, QI) =1- é
The profit of firm ¢ is then
PN (i py iy q;) — g if g < g —T
(i, s @5 45) = | peai@tentive(p, p;) — cq? ifq—T<q<qg+T

Py (s, pjs 4is @) —cqp i g > g5+ T
Thus firm ¢’s profit depends on whether the firms choose qualities such that the quality
difference exceeds the consumers’ perception threshold and on whether the firm is the
high- or low-quality firm.
Firms compete in environmental qualities and prices for consumers in the following
two-stage game: First, firms independently and simultaneously choose their environmental

' Second, firms observe the environmental quality of their competitor and

qualities.
then independently and simultaneously choose prices. Afterwards, consumers make their
consumption decision. I solve the game by backward induction for the pure-strategy

subgame-perfect equilibria.

4 Investments in environmental quality

In the price-setting stage, firms simultaneously and independently set prices given the en-
vironmental qualities from the previous stage. If the difference in environmental qualities
is below the perception threshold, i.e., |¢3 — g2 < 7, consumers think that the goods differ
only in prices and buy from the firm with the lowest price. Then, Bertrand competition
leads to prices equal to marginal costs: pj = p3 = 0.

If the difference in environmental quality exceeds the perception threshold, i.e., |¢; —

10Tn equilibrium, both firms have a positive demand. If the firms would instead set prices such that
one firm captures all consumers, the other firm would make zero revenue. Then, that firm could increase
its revenue by decreasing its price and capturing some of the demand.

HTf 5 firm is indifferent between two levels of environmental quality, I assume that the firm chooses
the higher environmental quality.



¢2| > 7, consumers notice that the goods differ in environmental quality. Then, the profits
of firm 1 and firm 2 depend on whether they are the firm with the higher (h) or lower
(1) environmental quality. All consumers with 6 > 0 buy from the firm with the higher
environmental quality, all others buy from the firm with the lower environmental quality.

The profits of the high- and low-quality firm are then

5 (pr, 21, any @) = pr(1 — é) — cqj,
I, (pn, P, G, @) = il — cq; -

The first order conditions yield the following best replies

. 1
pr(p) = 5 (P +qn — @)
* DPh
pi(pn) = 9
Consequently, the equilibrium prices are
. 2
Ph = 3(0n — @)
., 1
pr =gl — )

Whether firm 1 or firm 2 is the firm with the higher environmental quality depends on
the firms’ environmental quality choice in the first stage.

In the quality-setting stage, firms maximize profits by choosing their environmental
qualities optimally. Three cases exist. First, firm ¢ produces goods with lower environ-
mental quality than firm j and consumers notice the quality difference. Second, the firms
choose environmental qualities such that the quality difference is below the perception
threshold. Then, all consumers think that the goods have the same environmental qual-
ity. In the subsequent price-setting stage, firms set prices equal to marginal costs, i.e.,
revenues are zero. Third, firm ¢ produces goods with higher environmental quality than

firm 7 and consumers notice the quality difference. Therefore, the profit of firm ¢ is

s(gj—a) —cq} ifg<g—T
Hz’(inQj): O—qu-Q if G —T<qG<gqg +T (2)
%(Qi_qj)_cqz? if ¢ > q; + .

Firms maximize their profits given by (2) simultaneously by choosing their investments
in environmental qualities. The resulting equilibrium environmental qualities depend
on the perception threshold 7. Overall, dependent on the perception threshold, three
different regimes result. Proposition 1 summarizes the subgame-perfect equilibria in pure

strategies.

10



Proposition 1 Leti € {1,2}, j € {1,2}, and i # j.

(i) Benchmark regime: If 7 < 2/(9¢), in the subgame-perfect equilibria, firms pro-
duce goods with distinguishable environmental qualities i = 2/(9¢) and ¢ =0 and

prices p; = 2q; /3 and p; = ¢} /3.

(i) Increased-investment regime: If 2/(9¢) < 7 < 4/(9¢), in the subgame-perfect
equilibria, firms produce goods with distinguishable environmental qualities qf =T

and q; = 0 and prices p; = 2q; /3 and p; = q; /3.

(iii)) No-investment regime: If T > 4/(9¢c), in the subgame-perfect equilibrium, firms
produce goods with indistinguishable environmental qualities qi = q; = 0 and prices

p; =p;=0.

The proof is in the appendix. Proposition 1 shows that, for a sufficiently low perception
threshold, two asymmetric subgame-perfect equilibria exist: One in which firm 1 and
one in which firm 2 produces goods with strictly positive environmental quality and the
other firm always produces goods without environmental quality. For a sufficiently high
perception threshold, one unique symmetric subgame-perfect equilibrium exists in which
both firms produce goods without environmental quality.

Figure 1 illustrates the equilibrium environmental qualities as a function of the per-
ception threshold 7. In the benchmark of perfect perception, i.e., 7 = 0, the model gives
rise to product differentiation, where one firm does not invest in environmental quality
and the other firm invests in environmental quality. Therefore, one firm produces goods
without environmental quality and the other firm produces goods with strictly positive
environmental quality. This product differentiation allows firms to charge prices above
marginal costs and make positive profits. The level of product differentiation depends on
the investment cost parameter c. With increasing costs, the difference in environmental
quality between the goods decreases. As long as the perception threshold is below the
benchmark equilibrium quality difference (i.e., if 7 <2/(9¢)), the benchmark equilibrium
results. I call this the benchmark regime.

However, if the perception threshold exceeds the benchmark difference in environ-
mental quality (i.e., if 7 > 2/(9¢)), consumers are unable to discern the difference in
environmental quality between the goods that results in the benchmark regime. Then,
the firm with the higher environmental quality has costs for investing in environmen-
tal quality but consumers are not willing to pay for the higher environmental quality.
Therefore, the firm with the higher environmental quality has an incentive to increase its
investments in environmental quality such that the quality difference is just noticeable,
i.e., to ¢ = 7. I call this the increased-investment regime. With increasing perception
threshold 7, the environmental quality of the high-quality firm increases and thus the

costs for environmental quality increase. For 7 > 4/(9c¢), the costs of producing goods

11



with just noticeably higher environmental quality than the competitor exceed the rev-
enues. Then, the firm prefers to set an environmental quality that is indistinguishable
from its competitor’s environmental quality and to reduce its costs: Both firms refrain
from investing in environmental quality. I call this the no-investment regime.

qn:q
A
0.6r

0.5¢

0-4’ —

0.3} EEEEg g

0.2r
0.1

e R R R R R R R R i )

0.1 0.2 0.3 0.4 0.5 0.6

Figure 1: Equilibrium environmental qualities for ¢ = 1 as a function of the perception
threshold 7. ¢ (¢;) is the environmental quality that the firm with the higher (lower)
environmental quality chooses in equilibrium.

The cutoffs for the three regimes also depend on the costs for environmental quality
(see Figure 2). For a given perception threshold 7, with low costs the benchmark regime
occurs. With intermediate costs, the firms differentiate so that the difference in environ-
mental qualities is just noticeable: the increased-investment regime occurs. With high
costs, no firm has an incentive to produce goods with positive environmental quality: the
no-investment regime occurs. Thus which regime occurs depends on the interplay of the
investment costs and the perception threshold. An equilibrium where both firms choose
zero environmental quality occurs, if the costs to make the product distinguishable are too
high. That implies that either a high perception threshold forces a high environmental
quality which is costly even if the unit costs are low or high unit costs make even low

environmental qualities costly.

5 Welfare analysis

Figure 3 illustrates consumer surplus, producer surplus, and welfare as a function of the
perception threshold 7. For sufficiently low perception thresholds and sufficiently high
perception thresholds, i.e., in the benchmark regime and in the no-investment regime,
the equilibrium is independent of the threshold and thus consumer surplus, producer
surplus, and welfare are constant. For intermediate perception threshold, i.e., in the
increased-investment regime, the equilibrium depends on the perception threshold and

thus consumer surplus, producer surplus, and welfare depend on the perception threshold.

12
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Figure 2: Equilibrium environmental qualities for costs ¢ and perception threshold 7.
qn (@) is the environmental quality that the firm with the higher (lower) environmental
quality chooses in equilibrium.
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Figure 3: Welfare, consumer surplus, and producer surplus as a function of the perception
threshold 7 for c =1, v = 3, and € = 2.

Figure 4 illustrates the profits of the high- and the low-quality firm in equilibrium as
a function of the perception threshold 7. In the benchmark regime (i.e., if 7 < 2/(9¢)),
environmental qualities and prices are independent of the perception threshold and thus
profits and producer surplus are constant. In the increased-investment regime (i.e., if
2/(9¢) < 7 <4/(9¢)), the firms choose environmental qualities ¢, = 7 and ¢ = 0. Both
prices depend on the difference in environmental qualities and increase in the percep-
tion threshold 7. The profit of the high-quality firm strictly decreases in the perception
threshold 7. Although, the firm charges higher prices with higher perception threshold
7 and thus has increasing revenue, the firm also has increasing (quadratic) costs. The
additional revenue is absorbed by the additional costs. In contrast, as the low quality
firm has zero costs and constant demand but increasing prices, its profit increases in
the perception threshold 7. That means, the low-quality firm benefits from the invest-

ments in environmental quality of its competitor without incurring the same costs. For
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0 < 7 < 3/(9¢), the high-quality firm receives a higher profit than the low-quality firm.
For 3/(9¢) < 7 < 4/(9c¢), the low-quality firm receives a higher profit than the high-quality
firm. In the no-investment regime, both firms do not invest in environmental quality and
make zero profits. In sum, the producer surplus (weakly) increases until it reaches its max-
imum at 7 = 5/(18¢) and (weakly) decreases thereafter. Consequently, producer surplus
is highest under intermediate levels of attention. Under intermediate levels of attention,
one firm produces higher environmental quality than under full attention, which allows

firms to set higher prices and increases producer surplus.

A
0.08f
0.06} My
j "‘ Emmmm rl/
0.041 ‘,ﬂ" Producer surplus
0.02[ "I -

01 02 03 04 05 06
Figure 4: Producer surplus, profit of high-quality firm (II,), and profit of low-quality firm
(IT;) as a function of the perception threshold 7 for ¢ = 1.

Consumers also benefit from intermediate levels of attention. In the increased-invest-
ment regime, environmental qualities are higher than in the benchmark and in the no-
investment regime. This is beneficial for consumers, because consumers directly benefit
from higher environmental qualities and indirectly benefit from higher environmental
qualities due to lower damages. Although prices are also increasing, the benefits outweigh
the costs. Consumer surplus is thus highest for that perception threshold where firms
produce the highest average qualities: 7 = 4/(9¢).

As the market is covered, prices are just a reallocation of welfare from consumers
to firms and play no role in the overall welfare. Therefore, for the overall welfare only
benefits to consumers from environmental quality, costs to firms, and damages matter.
In the benchmark and in the no-investment regime, benefits to consumers, costs, and
damages are independent of the perception threshold. In the increased-investment regime,
environmental quality increases in the perception threshold. The benefits to the consumers
outweigh the costs to firms. Thus welfare is highest when firms produce the goods with
the highest environmental quality: 7 = 4/(9¢). Consequently, welfare is higher under
limited attention than under full attention.

Proposition 2 summarizes the results on consumer surplus, producer surplus, and

welfare.
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Proposition 2 Producer surplus reaches its unique maximum at T = 5/(18¢). Consumer
surplus and welfare reach their unique maximum at 7 = 4/(9¢) where firms produce the

highest environmental quality.

The proof is in the appendix. Appendix C includes an analysis of the welfare under
the assumption that the damage function takes the form D(FE) = E?. This change in
the damage function has no effect on the producer surplus. For sufficiently large upper
bounds on the emissions, i.e., for sufficiently large €, this change also has no effect on the

consumer surplus and the overall welfare results.

6 Policy implications

In this section, I discuss the implications of (i) an emission tax, (ii) subsidizing invest-

ments, (iii) information campaigns, and (iv) mandatory disclosure.

6.1 Emission tax

If the market authority imposes a per-unit tax t(e — ¢;) with ¢ € (0, 1] on firm ¢ € {1, 2},

the profit of firm ¢ becomes
1L (pis pj, 41 45) = (pz' —t(e - Qi))xi(pi;pp i, q5) — C(a)-

The tax affects the firms’ incentives and, therefore, the prices and environmental qualities
that the firms choose in the subgame-perfect equilibria. For ¢ = 0, the model reduces to
the model without a tax (see Section 3). Proposition 3 summarizes the equilibrium. The

detailed model and the detailed analysis are included in Appendix D.

Proposition 3 Assume the market authority introduces a per-unit tax t(e — ¢;) with t €
(0,1] on firm i and let i € {1,2}, j € {1,2}, i # j, and

1
— /(24 )4 — 812
1&8¢ + 180\/< + )

(i) If 7 < T, in the subgame-perfect equilibria, firms choose distinguishable environmen-
tal qualities ¢f = maz{(2+1)*/(18¢),7} and ¢} = 0 with prices p; = 1/3(2(1—t)q} +
3te) and p; = 1/3((1 — t)g; + 3te).

(ii) If T > T, in the subgame-perfect equilibria, firms choose indistinguishable environ-

mental qualities g = t/(2c) and q; = 0 with prices p; = p; = te.

The environmental quality is weakly higher with the tax than without the tax. The

tax imposes variable costs on the firm. To account for these additional costs, firms

15



increase their prices. As the market is covered, firms earn (weakly) higher revenues and,
consequently, firms have more incentives to invest in environmental quality. Firms benefit
from the additional revenue and producer surplus is higher with the tax than without the
tax.

Nevertheless, such a tax is not always beneficial for all market participants. For a range
of values, consumer surplus is lower with the tax than without the tax. In equilibrium,
the high-quality firm produces goods with higher environmental quality with the tax than
without the tax. The environmental quality of the low-quality firm is zero for all ¢ € [0, 1].
In addition, with the tax more consumers buy the high-quality good than without the tax.
Consequently, consumers benefit from higher environmental quality directly and indirectly
through lower damages. Nevertheless, with the tax environmental product differentiation
is larger, which allows firms to charge higher prices and thus harms consumers. Whether
the overall effect of the tax on consumer surplus is positive or negative depends on the
emissions without investments in environmental quality €, the tax rate ¢, the perception
threshold 7, and the investment cost ¢ (see Appendix D for detailed conditions). Figure
5 illustrates the effects of the tax on consumer surplus. In contrast, the overall welfare is
higher with the tax than without the tax.

Corollary 1 summarizes the results (see Appendix D for a detailed analysis).

Corollary 1 Assume the market authority introduces a per-unit taxt(e—gq;) witht € (0, 1]

on firm 1.

(i) Environmental quality is (weakly) higher and emissions are (weakly) lower with the

taz than without the tax.
(i) Producer surplus and welfare are higher with the tax than without the tax.

(iii) The effects of the tax on consumer surplus are ambiguous, depending on the size
of the tax t, the investment costs c, the perception threshold T, and the emission

parameter e.

6.2 Subsidizing investments

Instead of taxing emissions, a market authority can subsidize investments in environmental
quality. In this model, this translates into a reduction of the cost parameter c. A subsidy
reduces the original cost parameter ¢ by the subsidy s € [0, ¢o] to ¢ = ¢y — s. According
to Proposition 1, any cost reduction (weakly) increases average environmental qualities
and thus (weakly) decreases emissions (Figure 6 depicts the equilibrium environmental
qualities from Proposition 1 as a function of the cost parameter c).

As higher environmental qualities allow firms to charge higher prices and thus earn

higher revenues, lower costs incentivize firms to invest more. Therefore, firms earn higher
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Figure 5: Effect of the emission tax on consumer surplus as a function of the perception
threshold 7 and the tax ¢ for ¢ = 1/2. In the light gray areas, the emission tax has a
negative effect. In the dark gray areas, the emission tax has a positive effect (left: e = 1;
right: e = 3/2).

profits and producer surplus (weakly) increases with a higher subsidies s (see Figure 7).
Consumers benefit more from the higher environmental qualities and the lower emission
than they are harmed by the higher prices. Consequently, consumer surplus also (weakly)
increases with higher subsidies s (see Figure 7).

Nevertheless, the effect on overall welfare (sum of producer surplus, consumer surplus,
minus costs for subsidy) is not always positive. The effect of introducing a subsidy s on
welfare depends on the original cost parameter ¢y relative to the perception threshold 7
as well as on the size of the subsidy s. The original cost parameter determines whether
the market is originally in the benchmark, the increased-investment, or the no-investment
regime.'? With sufficiently low subsidies, the market remains in the original regime. With
sufficiently high subsidies, the market authority might induce a regime change.

Introducing a subsidy has negative effects on welfare if the subsidy is sufficiently high
(see Figure 7). Introducing a subsidy increases investments in environmental quality.
This benefits consumers directly as well as indirectly through lower damages, but harms
firms through higher costs (net of the subsidy which is a relocation of welfare to firms and
thus does not affect welfare). If the subsidy is sufficiently high, the negative effect due to
the higher costs dominates and the introduction of the subsidy has a negative effect on
welfare.

In contrast, introducing a subsidy has positive effects on welfare if the subsidy is

intermediate when the original costs are sufficiently high or if the subsidy is sufficiently

121f ¢y < 2/(97), the market is originally in the benchmark regime. If 2/(97) < ¢y < 4/(97), the
market is originally in the increased-investment regime. If ¢y > 4/(97), the market is originally in the
no-investment regime.
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Figure 6: Equilibrium environmental qualities as a function of costs ¢ for perception
threshold 7 = 1.

low when the original costs are sufficiently low. Then, the the positive effects (higher
environmental quality and lower damages) dominate and the introduction of the subsidy
has a positive effect on welfare (see Figure 7).

Nevertheless, a subsidy does not always have an effect on welfare. If the original
costs are sufficiently high such that the increased-investment or the no-investment regime
results, subsidies that do not lead to a regime change have no effect. For example, if the
original costs are sufficiently high, i.e., cg > 4/(97), and the subsidy small enough such
that the cost after the subsidy are still ¢g — s > 4/(97), the subsidy has no effect on
environmental quality, emissions, producer surplus, consumer surplus, and welfare (see

Figure 7).

-
-

-
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0.2 0.4 0.6 0.8 0.05 0.10 0.15 0.20

Figure 7: Welfare (gray), consumer surplus (dashed), and producer surplus (black) as a
function of the subsidy s for v = 4 and € = 2. In the left panel, 7 = 1/2 and ¢g = 1
such that the regime for s = 0 is the no-investment regime. In the right panel, 7 = 1 and
cop = 1/4, such that the regime for s = 0 is the increased-investment regime.

Corollary 2 summarizes the results. See Appendix E for details on the effects of

introducing a subsidy on welfare.

Corollary 2 Let ¢y be the original cost parameter. If the market authority introduces a

subsidy s € [0, co| that reduces the cost parameter from ¢y to co— s, environmental quality,

18



producer surplus, and consumer surplus (weakly) increase and emissions (weakly) decrease
with increasing subsidies. The effects of the subsidy on welfare depend on the size of the

subsidy and on the original cost parameter relative to the perception threshold.

6.3 Information campaign

Information campaigns to sensitize consumers are another possible policy intervention.
In this model, an information campaign that sensitizes consumers reduces the perception
threshold 7 by A € [0, 7], i.e., consumers pay more attention to the differences in envi-
ronmental quality and thus notice also smaller differences in environmental quality. For
a given cost ¢, environmental qualities, emissions, producer surplus, consumer surplus,
and welfare are non-monotonic functions of the perception threshold 7. Consequently,
the effects of an information campaign are sensitive to the strength of the campaign and
the level of attention in the market (see Figure 1 and Figure 3).

If the level of attention is high, i.e., in the benchmark regime, investments in envi-
ronmental quality, consumer surplus, producer surplus, and welfare are constant in the
perception threshold 7. Therefore, an information campaign that reduces 7 by A has
no effect in the benchmark regime. Similarly, if the level of attention is low, i.e., in the
no-investment regime, environmental quality, consumer surplus, producer surplus, and
welfare are constant. Therefore, an information campaign that reduced the perception
threshold by A, but does not lead to a regime change has no effect. Information campaigns
that induce a regime change from the no-investment regime to the increased-investment
regime or to the benchmark regime lead to higher investments in environmental quality,
consumer surplus, producer surplus, and welfare. In the increased-investment regime, an
information campaign that reduces the perception threshold reduces investments in envi-
ronmental quality, consumer surplus, and welfare.!® In particular, environmental quality,
consumer surplus, and welfare are highest if 7 = 4/(9¢) (see Proposition 1 and Proposition
2). Therefore, if the original perception threshold is 7 = 4/(9¢), then any information
campaign reduces the environmental qualities, consumer surplus, and welfare.

Corollary 3 summarizes the conditions under which an information campaign has
strictly positive, strictly negative, or no effects on environmental quality, consumer sur-

plus, producer surplus, and welfare.!4

Corollary 3 Assume the market authority starts an information campaign that reduces
the perception threshold T by A € [0, 7].

(i) If 7 > 4/(9¢) and T — A < 4/(9¢), the information campaign strictly increases

environmental quality, consumer surplus, and welfare. If T > 4/(9¢) and 7 — A >

13The effects on producer surplus depend on the exact perception threshold 7 and the exact strength
of the information campaign A.
4The welfare does not include a cost for the policy intervention.
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4/(9¢) or if T < 2/(9¢), the information campaign has no effect on environmental
quality, consumer surplus, and welfare. Otherwise the information campaign has a

strictly negative effect on environmental quality, consumer surplus, and welfare.

(i) If T > 4/(9¢) and T—A < 4/(9¢), if 1/(3c) < T <4/(9¢), orif 5/(18¢) < 1 < 1/(3c)
and A < (18ct — 5)/(9¢), the information campaign strictly increases producer
surplus. If 7 > 4/(9¢) and 7 — A > 4/(9¢) or if T < 2/(9¢), the information
campaign has no effect on producer surplus. Otherwise, the information campaign

has a strictly negative effect on producer surplus.

Corollary 3 shows that the effectiveness of information campaigns depends on the level
of attention in the market. Information campaigns are effective if the level of attention
is so low that the no-investment regime occurs. Then, information campaigns can induce
a regime change. However, information campaigns can also have strictly negative effects

on environmental quality, consumer surplus, producer surplus, and welfare.

6.4 Mandatory disclosure

Another possible policy intervention is mandatory disclosure. If the market authority
implements mandatory disclosure, all firms have to disclose their exact environmental
quality such that all consumers perfectly observe the environmental qualities of all firms.
Denote by 71y the perception threshold that would realize without policy intervention.
In this model, mandatory disclosure then updates the perception threshold to 7 = 0.
Consequently, under mandatory disclosure, firms choose the benchmark environmental
qualities ¢f = 2/(9¢) and ¢} = 0."

A perception threshold of 7 = 0 is neither optimal for consumers nor firms and also
does not maximize welfare (see Proposition 2). However, depending on the original per-
ception threshold, mandatory disclosure may lead to an improvement. If 75 > 4/(9c¢),
i.e., in the no-investment regime, both firms would produce goods without environmental
quality. Then, a mandatory disclosure that updates the perception threshold to 7 = 0
incentivizes at least one firm to invest in environmental quality. This reduces emissions
and increases consumer surplus, producer surplus, and welfare.

In contrast, for any 79 < 2/(9¢), i.e., in the benchmark regime, mandatory disclosure
has no effects on the investments of the firms and thus has no effect on environmental
qualities, emissions, consumer surplus, producer surplus, and welfare.

For any 79 € (2/(9¢),4/(9¢)], i.e., in the increased-investment regime, mandatory
disclosure implies that the firm with the higher environmental quality can reduce its
investment in environmental quality and consumers still notice the quality difference be-

tween the goods. Then, mandatory disclosure leads to lower environmental quality and

>That means, in this model, mandatory disclosure is the limiting case of information campaigns with
A= T0-
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higher emissions. Mandatory disclosure thus harms consumers. The firm with the higher
environmental quality benefits, but the firm with the lower environmental quality has
to reduce its price without any gain in demand or cost saving and thus receives a lower
profit. In sum, the producer surplus increases for all 7 > 1/(3¢) and decreases otherwise.

Corollary 4 summarizes the effects. Figure 8 illustrates the effects of mandatory dis-
closure on (a) producer surplus and (b) environmental quality, consumer surplus, and

welfare graphically.

Corollary 4 Assume the market authority initiates mandatory disclosure that imple-

ments a change in the perception threshold of the consumers from 1y to T = 0.

(i) If 7o < 2/(9¢), mandatory disclosure has no effect on environmental qualities, con-

sumer surplus, producer surplus, and welfare.

(i) If 2/(9¢) < 19 < 1/(3c), mandatory disclosure has a strictly negative effect on

environmental qualities, consumer surplus, producer surplus, and welfare.

(iii) If 1/(3¢c) < 79 < 4/(9¢), mandatory disclosure has a strictly negative effect on
environmental qualities, consumer surplus, and welfare and a strictly positive effect

on producer surplus.

(iv) If 79 > 4/(9¢), mandatory disclosure has a strictly positive effect on environmental

qualities, consumer surplus, producer surplus, and welfare.

Corollary 4 highlights that mandatory disclosure is especially beneficial if it induces
a regime change from the no-investment regime to the benchmark regime, but is harmful
if it induces a regime change from the increased-investment regime to the benchmark

regime.

7 Conclusion

In this article, I introduce limited attention via a perception threshold into a model where
firms invest in the environmental quality of their goods to reduce emissions. I show that
accounting for the limited attention of consumers is necessary, because consumers’ limited
attention affects firms’ investments in environmental quality and the effectiveness of policy
interventions.

Consumers benefit from intermediate levels of attention, because being sufficiently
inattentive incentivizes firms to differentiate more in environmental quality to ensure
that consumers notice the difference in environmental quality. Consumers benefit from
higher average environmental quality and lower emissions. Firms also benefit from some

intermediate levels of limited attention. The larger product differentiation allows firms
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Figure 8: Effect of mandatory disclosure on (a) producer surplus and (b) environmental
quality, consumer surplus, and welfare as a function of the perception threshold 7 and
the cost c. In the light gray areas, mandatory disclosure has no effect. In the white areas,
mandatory disclosure has a negative effect. In the dark gray areas, mandatory disclosure
has a positive effect.

to charge higher prices which increases producer surplus. Consequently, overall welfare is
also highest for intermediate levels of attention.

In addition, I highlight the importance of accounting for consumers’ limited attention
for evaluating policy interventions. Depending on the level of attention in the market,
some policy interventions induce higher investments in environmental quality and thus
lead to a reduction in emissions. However, I show that not all policy interventions are
universally beneficial. For example, although emission taxes and subsidies increase in-
vestments in environmental quality and thus reduce emissions, the effects on consumers
or overall welfare might be negative. Introducing information campaigns or mandatory
disclosure laws might even reduce investments in environmental quality and thus increase
emissions in addition to having negative welfare effects.

Nevertheless, I make a number of assumptions that limit the scope of the analysis.
I assume that all consumers have identical perception thresholds and thus that all con-
sumers pay the same attention to the environmental dimension of the goods. In reality
consumers differ in their attention to the environmental dimension of goods. In addition,
to keep the analysis of the policy interventions tractable, I normalize the marginal damage

of emissions to one. I leave these issues to future research.
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A Proof of Proposition 1

The profit of firm 7 € {1,2} with j € {1,2} and i # j is

sl —a)—cqd ifq<g -7
Hi(Qi,Qj): 0—cqi2 iqu—7'<q2-<qj+7'
@ —q) —cqp if g =g+

For ¢; < g; + 7, the only candidate for the best reply of firm i is ¢; = 0. For ¢; > ¢; + 7,
O01;(gi, q;)/0q; = —2cq; +4/9. Thus the profit on ¢; > ¢; + 7 is strictly increasing for all
¢ < 2/(9¢) and strictly decreasing for all ¢; > 2/(9¢). Thus the candidate for best reply
on ¢; € [g; + 7,00) is ¢; = max{2/(9¢), q; + 7}

With ¢; = 0 firm ¢ makes a profit of

0 if q; <T
(g = 0,q;) = ) )
0¢ itg =T

With ¢; = max{2/(9¢c), ¢; + 7} firm ¢ makes a profit of

2 4 2 2 2
I1; (qi = max {907613- + 7'} 7qj) ) (max {gc,qj + 7'} — qj> —cC (maa: {9C,Qj + T})
The best reply is the quality that yields the highest profit:

(i) ¢ =max{2/(9¢),q; + 7} is the best reply of firm ¢ if

2
11, <Qi = max {96»% +T} »Qj) > 1Li(q; = 0, q5).

(ii) ¢; = 0 is the best reply of firm 7 if

2
IL(g; = 0,q;) > 1, (Qi = max {90,% +T} J]j) :

The best reply of firm ¢ is then

4 .
fOI‘TST&:'

. mar{g, ¢ +7}  ifq; < g5
q; (q;) = ) A
if q; > The”
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4 1.
for 15 < T < oo

maz{Z, ¢ +71} ifg <t

q; (g;) = ,
it g > 7.
for 7 > é:
i} maz{Z,q;+ 71} ifq <& -7
i) = v (3

lfq]> %—T.

The intersections of the best replies yield the following subgame-perfect equilibrium

environmental qualities and prices (i € {1,2}, j € {1,2}, and ¢ # j)

. if7'§%:qz‘:%andq;zowithpf:%andp;:%.
. if%<T§i:q;‘:Tandq;-‘:OWithp;‘ngandpj:%T

e 4 Cok ok : * ok
o if 5. <7:¢q; =¢q; =0 with p; =pj =0.
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B Proof of Proposition 2

Let II, (II;) be the profit of the firm that produces the higher (lower) environmental
quality. For the welfare analysis, I assume the following linear damage function D(E) = E.

If 7 < 2/(9¢), gn = 2/(9¢), ¢ = 0, pr = 4/(27¢), p; = 2/(27¢), and thus § = 1/3.
Then, the consumer surplus (CS), producer surplus (PS), and welfare (W=CS+PS) are

Cs—f%+90—iz—D@mw+/%+02—Zl—Dﬁmw—v+10—é
~Jo 27c o 9c  27c - 8le
PS =T +T0 = pf — ()2 + (1 —D)p — o) = — + = = &
R P Q)= 81 " 8le ~ 8le
1
W=CS4+PS=vt2 &
8lc

If2/(9¢) < 7<4/(9¢), qp =7, ¢ =0, pp = 27/3, p = 7/3, and thus 0 = 1/3. Then,

o 1 1 2 5
CS= [0 +6-0- 37— D(EYO+ [ v+ 07— Sr— D(E)S = v+ o7~
0 0
1 4 5

1
W:CS+PS:U—|—907—C7'2—6.

If4/(9c) < 7,q, =0, ¢ =0, pp, =0, pp = 0. Thus all consumers are indifferent and

randomize. Then,

CS:U;6+U;6:v—é

PS=0+4+0=0
W=CS+PS=v—e

Consumer surplus: The consumer surplus is constant in 7 in the intervals 7 €
[0,2/(9¢)] and 7 € (4/(9¢),00) and increasing in the interval 7 € (2/(9¢),4/(9¢)]. At

7 =4/(9¢), the consumer surplus is

=v+_-— —¢€.

4 > 20
8lc

cs(r=4

As

+20 _>+1O 5 _
U8lcev81ceve’

the consumer surplus reaches its unique maximum at 7 = 4/(9¢).
Producer surplus: The producer surplus is constant in 7 in the intervals 7 &
[0,2/(9¢)] and T € (4/(9¢),0). In 7 € (2/(9¢),4/(9¢)], 5/(18¢) = argmax_ 57/9 — c72.
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At 7 =5/(18¢), the producer surplus is

ps(re i) 2

T 18¢) T 324¢
As
2 .5 .y
324¢ ~ 8lec ’

the producer surplus reaches its unique maximum at 7 = 5/(18¢).

Welfare: The welfare is constant in 7 in the intervals 7 € [0,2/(9¢)] and 7 €
(4/(9¢),00). In the interval 7 € (2/(9¢),4/(9¢c)], the welfare is increasing in 7. At
7 = 4/(9¢), the welfare is

As
+ i e > —1—16 € > €
v+ ——€e>v+——€e>v—2=¢€
27¢ 8lc

the welfare reaches its unique maximum at 7 = 4/(9¢).

26



C Welfare analysis with D(E) = E”?

Assume the following damage function D(E) = E?. As the firms’ profits do not depend
on the damages, changing the damage function from D(E) = E (see Appendix B) to
D(F) = E? has no effect on the producer surplus.
If 7 < 2/(9), g = 2/(9¢), ¢ = 0, pr = 4/(27¢), p; = 2/(27¢), and thus § = 1/3.
Then, the consumer surplus (CS) and welfare (W=CS+PS) are
2 2 4

0 1
CS:/O v+9-0—2—7C—D(E)d9+/é v+9%—27c—D(E)d9

B 2 ( 4)2
— U781 \“7 21

W=CS+PS—v+— (‘ 4>2
- VT8 \“Tare)

If2/(9¢) <7 <4/(9¢), qn =7, ¢ = 0, pp = 27/3, p = 7/3, and thus 0 = 1/3. Then,

0 1 1 2 1 o 2\?
C’S:/U—l—G-O—gT—D(E)d@—f—/ v—|—97—3T—D(E)d6’:v—97'—<e—T)
0 )

4 . [ 2\?
W:CS+PS:U+§T—CT — <e—37‘) )
If4/(9) < 7,q, =0, q =0, pp =0, pp =0. Thus all consumers are indifferent and

randomize. Then,

=2 =2
cs=" 26 + 2 26 —v— &

W =CS+ PS=uv-—¢é.

Consumer surplus: The consumer surplus is constant in 7 in the intervals 7 €
[0,2/(9¢)] and 7 € (4/(9¢), 00). In the interval 7 € [2/(9¢),4/(9¢)], the consumer surplus
reaches its highest value either at 7 = 3/2e — 1/8 or at a boundary. A comparison of the

the highest consumer surplus in the three intervals, gives the following result:

(i) For e <2/(27c¢) + 1/12, consumer surplus reaches its maximum for all 7 > 4/(9¢).

(ii) For 2/(27¢) +1/12 < e < 4/(27¢) + 1/12, consumer surplus reaches its maximum
for all 7 <2/(9¢).

(iii) For 4/(27¢) +1/12 < e < 8/(27¢) + 1/12, consumer surplus reaches its maximum
T =3/2 —1/8.

(iv) For 8/(27¢) + 1/12 < €, consumer surplus reaches its maximum for 7 = 4/(9c¢).

Welfare: The welfare is constant in 7 in the intervals 7 € [0,2/(9¢)] and 7 €
(4/(9¢),00). In the interval 7 € [2/(9¢),4/(9¢)], the welfare reaches its highest value
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either at 7 = (24 6¢€)/(4 4 9¢) or at a boundary. A comparison of the the highest welfare

in the three intervals, gives the following result:
(i) For e <2/(27c) — 1/6, welfare reaches its maximum for all 7 > 4/(9c¢).
(ii) For 2/(27¢) —1/6 < e < 4/(27c), welfare reaches its maximum for all 7 < 2/(9c¢).
(iii) For 4/(27¢) < e < 8/(27c)+1/3, welfare reaches its maximum 7 = (2+6¢)/(4+9c).

(iv) For 8/(27¢) + 1/3 < e, welfare reaches its maximum for 7 = 4/(9c¢).
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D Emission tax

If the market authority imposes a per-unit tax t(e — ¢;) with ¢ € (0, 1] on firm ¢ € {1, 2},

the profit of firm ¢ becomes
i(pi,pjs 60 45) = (P — 1 — @) )2i(pi j 402 45) — C'()-

Price-setting stage

Given the quality-setting of stage 1, in the price-setting stage, two types of subgames
occur. If the environmental qualities are indistinguishable, Bertrand competition leads to

prices equal to the marginal cost of the firm with the higher marginal costs
pi = maz{t(e —g¢),t(e —g¢;)}.

I assume that all consumers buy from the firm with the higher quality.'® The correspond-

ing profits are

;(gi, gj) = maz{t(e — q;),t(e — ¢;)} — C(a)
I1;(gi, q;) = maz{t(e — ¢;),t(e — ¢;)} — C(g;).

If the environmental qualities are distinguishable, firms maximize their profits

I (pn, 1, Qs @) = (ph —t(e— %))(1 —0) - cq;
1L (phs 21> Qhy @1) = (Pz —tle — %))é — cqf.

The first order conditions yield the following best replies

php) =5 (p+an—a+tE —an))

N~ DN~

pi (o) = 5 (pn + e — @)).

Thus the equilibrium prices are

(2(% —q) + 3te — tq — 2tQh)

(a1 — a0 + 3tE — 2tq1 — tap,).

16T his tie-breaking rule sustains the equilibrium. With another tie-breaking rule, a similar equilibrium
would result: The firm with the lower quality could marginally reduce its price and thus capture the
complete demand with only a marginally lower profit.
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The corresponding profits are

241)°

(o) = 00— ) — e
1—t)?

(an ) = 50— ) — eat

Quality-setting stage

In the quality-setting stage, firm ¢ chooses ¢; to maximize the following profit

2 .
(g —q5) —eq? ifq>qi+T
t(g — q;) — cq? ifg<g<g+T1
1L (i, q5) = , ' (4)
—cq; itg—7<q<gq
_4)2 .
(g —q) —cq? ifq<q—T

If g; < 7, the fourth case of (4) does not exist. The environmental qualities that maximize
the profit function on the four different intervals are candidates for best reply. In the
interval [¢; + 7,00), max{q; + 7, (2 + t)?/(18¢)} = argmaz,11;(¢;,¢;). In the interval
[¢;,4; + T), ¢ = t/(2¢) or a boundary is the candidate for best reply.!” In the interval
0, 4], ¢; = 0 is the candidate for best reply.

The overall best reply depends on the perception threshold 7:

(i) If 7 < (24 t)*/(36¢(5 + 2t + 2t?)), the best reply of firm i is

(2+1)2 if g (2+t)*
18¢ 95 = 36c(512t1202)

: (2+t)*
0 it ¢j 2 S5 rorromy-

N

q; (qj) =

(i) If (2 4+ 1)1/ (36¢(5 + 2t + 2t?)) < 7 < (2 + t)?/(36¢), the best reply of firm 7 is

(2+1)2
18¢

0 if g > 7.

i itg <t
4; (%‘) =

(iii) If (2+¢)%/(36¢) < 7 < (8 —t + 2t?)/(36¢) +1/(18¢)/16 — 4t — 12¢2 — {3 + ¢4, the
best reply of firm i is

(2+1)? : (2+t)?
ifg < g —7

18c
* ) 2
G(a) =g+ it G g < g < VITHITEET o
0 if%Z@—r.

1"Note that g; + 7 is not included in the interval. However, if ¢/(2c) & [g;, g; + T), the firm always has
an incentive to deviate to a ¢; & [g;,q; + 7).
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(iv) If 7 > (8 —t+2t?)/(36¢) +1/(18¢)v/16 — 4t — 12¢2 — 3 + 4, the best reply of firm

7 18

(2+1) if ¢; < 2+t _ .

18¢c 18c

o (2+t)2 -2 VAT —5tT 412
q(q;) = GET 1f(18c) —T<q <5+ th?”
i\4j) =
t e t—2¢ VAT —5tT 2 ¢
2 it 5+ T3\/g TS S g

Consequently, the equilibrium environmental qualities also depend on the perception
threshold:

(i) If 7 < 7, there exist subgame-perfect equilibria where firms choose distinguishable
environmental qualities ¢f = max{(2 + ¢)*/(18¢), 7} and ¢} = 0 with prices p; =
1/3(2(1 —t)g; + 3te) and p; = 1/3((1 —t)g; + 3te).

(ii) If 7 > 7, there exist subgame-perfect equilibria where firms choose indistinguishable

environmental qualities ¢ = t/(2c) and ¢j = 0 with prices p; = pj = te.

Comparison tax and no tax

To avoid negative emissions, assume that e > max{q¢;, q;}
Environmental quality: The environmental quality is (weakly) higher with the tax
than without the tax. For 7 < 4/(9¢),

2+ 1)?
maX{T, 7( + ) } > max{T, 2}.
1&8¢ 9¢

For 4/(9¢) <71 < T,

(2+t)2} > 0.

max{T,
18c

For 7 > 7,

— > 0.
2c

Producer surplus: The producer surplus is higher with the tax than without the

tax. For 7 < 2/(9¢), the producer surplus with the tax is

2 2 2 2 2
PSt:(Q—l_t) +(d-1) max{(2+t) ,T}—c<max{<2+t) ,T}) >—6 .
9 18¢c 18¢ 8lc
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For 2/(9¢) < 7 <4/(9¢), the producer surplus with the tax is

202 (1-t)? {(2+t)2 }_ {(2+t)2 }2 5,
PS;, = 5 max I8¢ T ¢ | max I8¢ T >97' cT .

For 4/(9¢) < 7 < 7, the producer surplus with the tax is

PS, = @+0°+(1- t>2max{ 2+ t)Q,T} —c (max{ 2+ t>2,7‘}>2 > 0.

9 18¢ 18¢
For 7 > 7, the producer surplus with the tax is

t2
PS, =—>0.
T 4e

Consumer surplus: For 7 < 2/(9¢), the consumer surplus with the tax is

_ 10+ 16t 412 241)°
CSt—v—(l+t)e+18maX{( 180) ,T}

_ 1<1O+16t+t2 {(2+t)2 } 10)
—————max , .

>+10 _
v 8lc ¢

“es7 13 18¢ ~ Sle

For 2/(9¢) < 7 <4/(9¢), the consumer surplus with the tax is

_ 10+ 16t + ¢ 2+1)°
C’St:v—(1+t)e+18max{( 18c>

_ 1<1o+16t+t2 {(2+t)2 } 5)
max , T

cesy 18 18¢ 97

}> +5 e
T v —T — €
’ 9

For 4/(9¢) < 7 < 7,the consumer surplus with the tax is

10+ 16t +¢t? 24 t)?
CSy=v—(1+te+ 18 max{< 180)

_ 10+ 16t + ¢ {(2+t)2 }
e < ————max ,Tr.
18t 18¢

,T}>U—e

For 7 > 7, the consumer surplus with the tax is

3t 3
=v—(1+tet+t—>v—ese< —.
C’Stv(+)e+4cve €<
Welfare: The welfare is the sum of producer surplus, consumer surplus, and tax
revenue. The welfare with the tax is higher than the welfare without the tax. For
T < 2/(9¢), the welfare with the tax is

4% +20+8t_t2m {(2+t)2 } cma {(2+t>2 } e>v+ 10 e
= — X — — — €.
e=v 18 U 18 T 18¢ ' 81c
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For 2/(9¢) < 7 < 4/(9¢), the welfare with the tax is

Wy=v+

20 + 8¢ — t* {(2+1t)2 } {(2+z€)2
————max , T ¢ — cmax

} 10 .
T — € v —T — CT — €.
18 18¢ 18¢ 9

For 4/(9¢) < 7 < 7, the welfare with the tax is

- +20+8t—t2 {(2+t)2 T} Cmax{(2+t)2 T} Ce e
= ————max — — — €.
t= v 18 U 18e 18

For 7 > 7, the welfare with the tax is

3t — t?
4c

Wi=v—e+ > v — €.
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E Subsidy

Assume the current cost parameter is ¢q. The market authority subsidizes investments,
i.e., reduces the cost parameter by s to ¢g — s with s € [0, ¢p]. The resulting welfare (sum
of producer surplus and consumer surplus, minus costs of the subsidy), depends on the
size of the subsidy s:

If7<2/(9(co —s)) & s >co—2/(97), i.e., in the benchmark regime, the welfare is

16 _ 2\’
Wo=ot g~ () o

If2/(9(co —s)) <7 <4/(9co—s)) & co—4/(97) < s < ¢y —2/(97), i.e., in the

increased-investment regime, the welfare is
10
WSIU+§T—COT2—(§. (6)

If4/(9(co — 8)) <7< s <co—4/(97), i.e., in the no-investment regime, the welfare

is
Ws=v—e. (7)

Whether the introduction of the subsidy has a positive, a negative, or no effect on
welfare depends on the original cost parameter ¢, relative to the perception threshold 7
and the size of the subsidy s:

(i) If o < 2/(97), without a subsidy, the benchmark regime results. Any subsidy
s € [0, ¢o] affects investments in environmental quality, but cannot lead to a regime change.
The welfare dependent on s is given in (5). As v+16/(81(co—s))—e—s (2/(9(co — s)))* >
v+ 16/(81cy) — € < s < 3c¢p/4, the introduction of a subsidy s < 3cg/4 has a positive
effect on welfare. The introduction of a subsidy s > 3¢¢/4 has a negative effect on welfare.

(i) If 2/(97) < ¢o < 4/(97), without a subsidy, the increased-investment regime
results. Consequently, with any s < ¢ — 2/(97), the market remains in the increased-
investment regime. Then, the subsidy has no effect on investments in environmental
quality or on welfare (given in (6)). In contrast, a subsidy s > ¢y — 2/(97) induces
a regime change to the benchmark regime. Then, the subsidy affects investments in

environmental quality and welfare (given in (5)). Note that

L 16 ) 2 2> L 10 SN 2 _ 897
vVt —e— S| ——— UVt —T—¢cT " —escpg— — s < ——————.
81(co — s) Io—s)) = 9 0 O 9r =77 10— 9¢or

Consequently, if 2/(97) < ¢y < 4/(97), the introduction of a subsidy s < ¢o — 2/(97)

has no effect on welfare as the market remains in the increased-investment regime. The
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introduction of a subsidy ¢y —2/(97) < s < (8¢co — 9¢27) /(10 — 9co7) has a positive effect
on welfare. In contrast, the introduction of a subsidy s > (8c¢y — 9¢37)/(10 — 9¢7) has a
negative effect on welfare.

(iii) If ¢ > 4/(97), without a subsidy, the no-investment regime results. Consequently,
with any s < ¢y —4/(97), the market remains in the no-investment regime. Then, the
subsidy has no effect on environmental qualities or on welfare (given in (7)). A subsidy
co—4/097) < s < cog—2/(97) induces a regime change to the increased-investment regime
with welfare (given in (6)). Note that

v+—T—0072—é>v—é<:>co<—.
9 91

A subsidy s > ¢y — 2/(97) induces a regime change to the benchmark regime Then, the

subsidy affects investments in environmental quality and welfare (given in (5)). Note that

L 16 ) 2 2> R
v —— — € — S| —//—— vV—e€ S —
81(co — s) 9(co — s) 5
and

dey _ 2, 10

— >c—— &< —.

5 77 9r 70 T or

In sum, if 4/(97) < ¢y < 10/(97), the introduction of a subsidy s < ¢y —4/(97) has no
effect on welfare, the introduction of a subsidy ¢y — 4/(97) < s < 4¢y/5 has a positive
effect on welfare, and the introduction of a subsidy s > 4¢y/5 has a negative effect on
welfare. If ¢g > 10/(97), the introduction of a subsidy s < ¢y — 4/(97) has no effect on

welfare and the introduction of a subsidy s > ¢y —4/(97) has a negative effect on welfare.
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