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Emission tax on a monopolistic polluter with
unknown costs

~ Sawaki, Hisashi (Okayama University, Japan)

Abstract: Simple emission taxes chosen by a regulator who does not know the precise costs of a reg-
ulated monopolistic firm are examined. When the costs of both producing the final products and abating
pollution are not known, but are known to be related, the regulator can cause the firm to reveal its costs
truthfully by postponing its decision on a tax rate until it has inspected abatement equipment. Depending
on the basic parameters, this postponement can increase social welfare.
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1. Introduction

In practical policy-making, environ-
mental regulators rarely know the abatement
costs of the firms they regulate as clearly as
the firms do. With such asymmetric informa-
tion, the timing of environmental policy can
become a delicate issue. On the one hand,
if the regulator commits to a policy before
the firms take any action, it is able to exploit
first-mover advantages. On the other hand,
if the regulator delays its policy decisions
until after the regulated firms make some

abatement investments, the regulator might
be able to learn something about the firms’
private costs. Such a delay of regulation may
also induce the firms to voluntarily distort
their investments to signal their private in-
formation, if the firms are strategic enough to
recognize their actions can influence the reg-
ulator’s decisions. By taking strategic actions
and thereby revealing their true efficiencies,
firms might expect to induce less stringent
regulatory policies. If these actions are wel-
fare-improving, there is a possibility for the
regulator to exploit them.
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Some anecdotal evidence shows that
regulated firms recognize that their actions
can influence future regulation in some cir-
cumstances. Consider a quote from Brent
Blackwelder, president of Friends of the Earth:
“While some of the environmental changes
now emerging in corporate America are genu-
ine and welcome...a few are being specifically
designed to preempt more stringent public
policies from emerging.” Another quote from
a Monsanto executive goes: “[Taking the first
steps toward pollution control] allows a com-
pany to play a key role in shaping the way its
industry is regulated.”

If a government also acts strategical-
ly, it will consider the possibility of exploit-
ing strategic behavior by firms. Letting firms
with private information take the first action
and then exploiting their voluntary efforts
may be more optimal in terms of social wel-
fare than committing to a specific policy be-
fore the firms take any action.

The objective of this paper is to inves-
tigate strategic environmental policies when
a government regulates a monopolistic pol-
luter without precise knowledge of the firm’s
pollution abatement costs and its policy in-
strument is restricted to simple linear emis-
sion taxes. Specifically, the paper focuses on
the timing of environmental policy: it asks
whether a government can cause a firm to
truthfully reveal relevant information by de-
laying its policy decision. It shows that this
can actually be achieved under specific as-
sumptions. The model developed below as-
sumes that the marginal cost of producing
goods, as well as that of abating effluent, is
unknown to the government, but that these
costs are known to be related to each other
and to reflect the firm’s overall technological
efficiency. These are the only assumptions

specific to this model and all other assump-
tions are made for the sake of tractability.

Under these assumptions, it is shown
that what enables the government to identify
the firm’s true costs is the signaling behav-
ior of the firm itself to induce less stringent
policies. This signaling explains what, at least
seemingly, resembles ‘voluntary’ environ-
mental protection undertaken by firms and
turns out to be welfare-improving, depend-
ing on the basic parameters.

2. Literature review

The literature related to environmental
regulation under uncertainty is increasing.
Arrow and Fisher (1974), Kelly and Kolstad
(1999), and Pindyck (2000) among oth-
ers have analyzed the effect of uncertainty
and irreversibility on environmental policy.
However, the focus of these models is not on
informational asymmetry.

In an early paper, Weitzman (1974) in-
vestigated whether price or quantity controls
are preferable when a regulator is uncertain
about industry costs. Following Weitzman,
mechanism design literature has analyzed op-
timal environmental policy under asymmetric
information without restricting a regulator’s
instrument to a linear policy. This approach,
which is different from that of this paper, is
taken, for instance, by Kwerel (1977) and Ellis
(1992). See also Baliga and Maskin (2003).

The effect of informational asymmetry
on environmental regulation in dynamic set-
tings are investigated in Newell and Pizer
(2003) and Hoel and Karp (2001) among oth-
ers. However, these papers treat regulated
firms as non-strategic price takers.

Moledina et al. (2003) consider dynam-
ic environmental policy under asymmetric
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information, assuming that firms are strate-
gic. However, in their model the regulator
is naive and abides by a simple non-strate-
gic policy rule; therefore, outcomes are that
the firms successfully cheat the regulator by
sending untrue signals of their nature.

In the sense that both the regulator and
polluters are assumed to be strategic, Yao
(1988) and Denicolo (2000) are probably the
papers most closely related to the one here.
There are, however, some obvious differ-
ences. Yao (1988) considers a situation in
which a regulator with incomplete informa-
tion about technological capability imposes
standards on automobile emissions. In his
model, industry distorts a research invest-
ment downward to signal their umcompeti-
tiveness. Denicolo (2000) analyzes a duopoly,
not monopoly, model that has a feature simi-
lar to a “beer-quiche” game in the sense that a
Sender (one of the two firms) signals its type
by choosing from two actions (using either
a good or a bad technology) and a Receiver
(the regulator) responds with one of two ac-
tions (whether to regulate or not to regulate).
The purpose of the signaling is to induce the
regulator to impose more, not less, stringent
pollution regulation and thus raise the rival’s
costs. There is also a more essential differ-
ence between those two papers and this one;
this paper focuses on the timing of the envi-
ronmental regulation and compares welfare
under different policy regimes.

As discussed in Section 8, an important
conclusion of the present paper is that un-
der some circumstances discretion (i.e., mak-
ing a later decision about the tax rate) beats
rules (i.e., committing to a tax rate before
learning the costs of the firm) in terms of so-
cial welfare. However, it should be stressed
that discretion in this context does not mean

negligence of an important but uninviting
task for a time. Rather, it means that the gov-
ernment promises the introduction of a fu-
ture effluent tax, but delays its rate decision
so as to induce efforts on part of the firm.

The rest of this paper is organized as
follows. Section 3 introduces the model.
Section 4 examines the Abatement-First Case,
in which the firm spends on sunk costs for
abatement activities first and then the gov-
ernment decides on a tax rate. Section 5 ana-
lyzes the Tax-First Case. Section 6 is devoted
to welfare considerations. Section 7 discuss-
es alternative setups. The final section com-
pares the result of this model with those of
rule-versus-discretion models, as mentioned
above.

3. The Model

A simple model of effluent control is
developed, in which a government regu-
lates a monopolistic firm producing final
products that generates external damages.
For a more concrete example, let us assume
that the externality in question is air pollu-
tion. The firm produces output Y and dis-
charges smoke S, generating D(S) in external
damage. The firm’s cost function can be
written as C(v,4), where 4> ¢ is the abate-
ment expense of pollution treatment, with
C >0 and C, >0, where the subscripts de-
note partial derivatives. If the government
imposes a tax t per unit of smoke discharged,
the firm’s profit will be,

n=pY—C(Y,A)—tS
where p is the price of the product. In the ab-
sence of taxes, the firm will set A =0.

For tractability, the model uses the fol-

lowing parametric specifications. The inverse
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demand function is assumed to take the sim-
ple linear form p = f(¥Y)=0 —Y .Itis also
assumed that the cost function is linear in
output and abatement expenses:

C(Y,A)=cY +acA

A key assumption here is that the mar-
ginal costs of production and abatement are
positively related, reflecting the firm’s over-
all technological efficiency, which the gov-
ernment cannot directly observe." Although
a more complete analysis should involve the
research and development (R&D) activities
carried out by the firm so as to affect these
marginal costs, this paper focuses on a short
time-horizon for which the firm’s efficiency
is predetermined.”? The parameter c is as-
sumed to be a random variable that takes on
the values ¢ and (! with probabilities m
and 1-m, respectively. That is, m is the prior
probability that the firm is a high-cost or less
efficient type. While the firm itself knows the
exact value of ¢, the regulator knows only the
above distribution.

It is assumed that S is increasing in Y
and decreasing in A and that the effect of
pollution abatement diminishes as abate-
ment expenditure increases. An expression
that satisfies these conditions and is relative-
ly tractable is:

S(Y,A)=vY —JA4 1

The robustness of the conclusions of
the model to other variants of the pollution
function as well as more general functions
is briefly discussed in Section 7. The dam-
age function is assumed to be linear in S:
D(S) = S(Y, A), which implies that the mar-
ginal damage is unity. The parameters §, a,
and v are all positive constants and publicly

known.

The sum of consumers’ and producers’
surpluses minus external damages is used as

a measure of social welfare:

W= f(NdY -C(x, 4)-S(¥. 4)

4. Abatement-first case

This section examines a situation in
which the regulator postpones its decision
on a pollution tax rate until it has inspected
the firm’s abatement efforts. Abatement ex-
penses are treated as sunk costs paid before
production of the final products starts: e.g.,
the costs of constructing air-cleaning equip-
ment, attaching scrubbers for stacks, etc.? The
government is assumed to be able to observe
the abatement effort (e.g., is able to inspect
constructed equipment), as opposed to the
firm’s costs.

The timing of the game in this section
is as follows: before the game starts, Nature
chooses the firm'’s efficiency, ¢ or ¢';in
the first stage, the firm decides on its abate-
ment level; in the second stage, the govern-
ment chooses t after observing the abatement
level, but not knowing the firm’s efficiency;
in the third stage, the firm chooses Y and
generates smoke accordingly. This sequence
is well recognized by both players.

The solution concept used here is a per-
fect Bayesian equilibrium (PBE), the defini-
tion of which is given in the context of the
current model as follows: the firm and the
regulator maximize their respective payoffs
given each other’s strategy and the regula-
tor’s set of beliefs about the firm’s cost type;
and the set of the beliefs is updated by the
actual strategy of the firm on the equilibrium
path using Bayes’ rule.
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Denoting the abatement level as B = V4
and using the specifications from the previous

section, the firm’s profit can be rewritten as

' = -Y)Y - (c'Y +ac'B*)—tx(vY - B)

i=H,L. @)

In the third stage, the firm maximizes

this profit with respect to Y taking t and B as

parameters. The first-order condition yields:

Y =(6-c'-w)/2 3)

The government’s objective function
when confronted with a type ¢’ firm is:

W =8Y-Y*/2-(c'Y +ac'B*)~(vY - B) (4)
where Y is given by Eq. (3). In the second
stage, the government updates the prior m to
a posterior probability by observing B, and
then maximizes the expected welfare,

EW =nW" +(1-n)W"  with respect to t,
taking B as given, where n is the posterior
that the firm is of type ¢’ . The first-order
condition for the above maximization yields:

t=1-(6—-¢c—-v)/v, (5)

where @& nc” +(1-n)c" is the updated
belief of the regulator about the firm’s cost. It
is noteworthy that the government imposes
a lower emission tax on a firm believed to be
more efficient (with a smaller ¢ ). The reason
for this is that once B has been set by the firm,
C is the belief about the production cost, not
the abatement cost. The government, which
believes a smaller ¢, then assigns a larg-
er weight in its payoff based on its concern
about the product market rather than about
pollution. Substituting Eq. (5) into Eq. (2)
yields:

Y'=Q25-c' -¢-2v)/2 . (6)

To focus on interior solutions, I assume

el
m From real economy to monetary economy M AhAjer

the following.

Assumption1. 5 —c” —v>0.

In the first stage, the firm determines
its abatement level strategically, taking
into account all the above considerations.
Substituting Egs. (5) and (6) derives the firm’s
profit as a function of its true type, the belief
held by the regulator about its type, and a
signal sent by the firm:

ﬂ(ci,é,B):[zﬁ_c 2—c—2v] —acB’ +(7_5+c+2‘)]8
v

i=H,L )

As a benchmark I first derive a solution
under complete information. As before, let-
ting subscripts denote partial derivatives, I
solve T, (ci,ci,B) =( forB:

—S5+c +2v
2a v - 8)
Again, to limit attention to interior solu-

Bi,COmp _

tions, I make the following assumption.
Assumption2. —5+c" +2v>0.
Returning to the incomplete informa-
tion case, I take the derivative of the profit
with respect to ¢:
26-c'-¢é-2v B

9) ﬁz(ci,é,B) =t —
2 v

Now the final assumption is made.

Assumption 3. The model focuses on a

situation in which smoke S=vY-B is positive.

That is, I exclude the situation in which
the firm cleans air more than when it produc-
es nothing, and receives subsidies instead of
having taxes imposed. Since the first term of
the RHS of Eq. (9) is —Y' [see Eq. (6)],
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Assumption 3 ensures that 7, < 0. This fact
leads to the following lemma.

Lemma 1 (Belief Monotonicity).
Regardless of whether it is type c” orct,
the firm would like the regulator to believe

that it is more efficient (smaller C).

This leads to an i{lcentive for a type c”
firm to mimic type ¢ , and thus any report
about its type submitted by the firm itself is
not credible and carries no information as
long as it is ‘cheap talk,” i.e., a non-binding
costless report.

To derive PBE, Figure 1 depicts isoprofit
curves for the firm that are derived by equat-
ing Eq. (7) to some constant profit levels in
(B,¢) space. Each isoprofit curve has an in-
verse-U shape (see Steps 1 and 2 in Appendix
1) and bold (thin) lines represent isoprofit
curves for a type c (eh) firm. Reflecting
Lemma 1, the lower the location of an iso-
profit curve, the larger is the firm’s profit.
Solving
m,(c',é,B)=-2a '‘B+(-6+¢+2v)/v=0

yields, &&= 2ac'vB + 8 —2v
which is shown in Figure 1 as two upward-
sloping dotted straight lines. The straight line
for i =L is located to the right of that for i=H.
On this line, each indifference curve reaches
its highest point, and the outcome achieved
under complete information, Eq. (8), corre-
sponds to points X and Y in Figure 1.

To describe equilibrium, we denote
the profit that a high-cost type firm achieves
under complete information as g Comp 4.

bel the point at which the isoprofit curve

H,Comp -
“"F intersects the hor-

corresponding to 77
izontal line ¢ = ¢* as point Z, and denote the
abatement level corresponding to point Z as
B (see Figure 1).

It is known that a signaling game with
binary types can have many PBEs (pool-
ing, hybrid, and separating equilibria) since
Bayes’ rule does not restrict the updating of
beliefs following deviations from the equi-
librium path. However, most of these off-
equilibrium-path beliefs are unreasonable.
To eliminate equilibria with unreasonable
beliefs, this model uses ‘intuitive criterion’
developed by Cho and Kreps (1987). Since
the model here satisfies the single-crossing
condition, there is a unique intuitive outcome
(selected by the criterion) that is the most ef-
ficient separating equilibrium outcome of all
the PBE outcomes.

Proposition 1. In the unique intuitive
outcome in the Abatement-First Case, a type
¢ firm chooses abatement level B H-Comp
and a type ¢ ‘ firm chooses abatement level
Max(B",B"*“"), which is greater than
B:Cmr By observing the abatement level,
the regulator is able to tell with certainty with
which type it is confronted.

The proof of this result is given in
Appendix 1. Intuitively, recall that Lemma 1
states that the firm would like to be believed
to be more efficient. In particular, when
point Y is to the left of point Z (i.e., when
B* > BLComr), as in Figure 1, if a type ¢*
firm selects its complete-informat}{on abate-
ment level (point Y), then a type € firm de-
viates from point X to Y. In any separating
PBE, therefore, an efficient type (¢”) must
choose an abatement level that is at least g*
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to ‘run away’ from the less efficient type. This
upward bias in abatement effort generated
by an efficient type firm is called “distortion’,
and the intuitive criterion selects the separat-
ing PBE with minimum distortion (i.e.,
B" — BL:) as a unique outcome. I call
this a ‘Distortion” Case.

On the other hand, when B* < pL:Comr
, unlike in Figure 1, g1 is large enough
to prevent the less efficient type from mim-
icking an efficient firm, and thus the same
outcome as under complete information
emerges (a ‘No-Distortion” Case).

The following corollary states that
Distortion Cases are more pervasive than
No-Distortion Cases.

Corollary 1.  The No-Distortion Cases,
in which type c"selects BL“" in the
unique outcome,

(i) never take place if § —2y > (), and

(ii) do not take place unless ¢” —¢* is
sufficiently large, evenif § —2v < 0.

The proof of this result, as well as the
meaning of ‘sufficiently large’, can be found
in Appendix 2.

Thus, in many situations, an efficient
firm (type ¢“) distorts its abatement effort
upward so as to discriminate itself from the
less efficient type (¢*'). This phenomenon,
at least seemingly, resembles what is called
“voluntary’ environmental protection under-
taken by firms.

Several papers have addressed the ques-
tion as to why firms engage in environmen-
tal protection beyond their requirements.
Some argue that firms might benefit from the
favorable public image of being ‘greener.”
Maxwell, Lyon, and Hackett (2000) explain
firms’ overabatement activities as efforts to

preempt future regulations, similarly to the
current paper. However, in their paper infor-
mation is complete and thus firms’ activities
do not have an element of signaling behavior.
They focus on the case in which consumers
will successfully lobby for new regulations if
the firms take no voluntary actions. The ob-
jective of the firms in their model is to pre-
vent such successful lobbying by consumers.
In Denicolo (2000), cited in the introduction,
overcompliance comes from rivalry between
two firms. In my model, overabatement oc-
curs without consumer interest groups or a
competing firm.

Porter and van der Linde (1995) argue
that pollution is a manifestation that firms
are inefficient. Likewise, in this paper, less
abatement effort is a manifestation that firms
are inefficient. In spite of this resemblance,
however, their main conclusion is very dif-
ferent from the context of this paper. They in-
sist that stringent environmental regulation
induces innovation and works to a pollut-
ing firm’s advantage. In the model devel-
oped here, even after the imposition of an
effluent fee, the marginal costs of production
and abatement remain unchanged. Indeed,
the fact that abating pollution is costly is the
very reason that it can be used as a means of
signaling.

Before proceeding to the next section, I
briefly mention the tax rate and output levels
selected in this Abatement-First Case. As the
regulator distinguishes which type it faces in
the unique outcome, it chooses the tax rate
in Eq. (5) with ¢ replaced by ¢’. Then the
output level chosen by the firm is Eq. (6) with
c=c. Thus,

t"=1-(6-c"-v)/v  and
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Y*=6-¢"-v, i=HL (11)
5. Tax-first case

This section examines a more famil-
iar sequence of the game: a Tax-First Case,
in which the regulator sets an emission tax
before the firm decides on abatement and
production. In this case the regulator is not
able to induce the firm to truthfully reveal its
type, since the regulator is assumed to move
first and have only a simple linear tax as a
policy instrument.

Proceeding backward, in the second
stage, the firm selects B and Y to maximize its
profit in Eq. (2), taking t as given: -

B'=1(2q ')and Y'=0-c-t)/2

i=HL. (12)
In the first stage, the government maxi-
mizes EW =mW" +(1-m)W"
with respect to t, where m is the prior, and
W' is given by Eq. (4), in which B and ¥"
are expressed in (12). The resulting tax rate is:
P av(6 —Ec—v)
av’ +2E(1/c)

Ec=mc"” +(1—m)c"
where

E1/c)y=m@1/c™ )+ (1 -mjy l/cL).
As reported by Barnett (1980) and oth-

ers, the optimal effluent fee is less than the
marginal external damage in this monopoly
set-up; if the regulator sets a Pigouvian tax
(unity here), this would further restrict the al-
ready suboptimal monopolist’s output.

The resulting output and abatement

levels are:

B™ =t"(2a ") and
Y© =6-c'-t"v)/2
i=H,L (14)

6. Welfare considerations

First of all, it is straightforward to show
from Egs. (4), (8), (11), (13), and (14) that un-
der complete information, welfare in the Tax-
First Case is always higher than welfare in
the Abatement-First Case.

Returning to the incomplete-informa-
tion case, the rest of this section compares ex
ante welfare levels achieved under the above
two sequences of the game of incomplete in-
formation: the Abatement-First Case and the
Tax-First Case.

First, for later discussion, I derive op-
timal abatement and production levels
achieved in a command-and-control econ-
omy with complete information, which is
excluded in the set-up of this paper. Taking
derivatives of Eq. (4) with respect to Y and
B yields:

Ri-Command _ 1(2a ') and

Yi,Cammuml — 5—Ci —y

i=HL (15)

In a welfare comparison, a key question
is through which channels does movement
from the Tax-First Case to the Abatement-
First Case generate a difference in welfare.
There are three possible sources for bringing
about such a difference. First, the regulator
loses its first-mover advantage in affecting
abatement levels. Second, an efficient firm

distorts its abatement effort upward (in the
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Distortion Case), which may offset the first
effect. Third, by inspecting abatement equip-
ment, the regulator distinguishes which type
it faces, and thus can induce output equiva-
lent to that in the command economy [see
Egs. (11) and (15)]. It is noteworthy that the
second and third factors are related to the ex-
istence of incomplete information.

To observe the overall effects of the
above three factors on welfare, simulations
were carried out. One difficulty in deriving
a general conclusion comes from the com-
plexity of the functional form of B*, which
is shown in Eq. (A3) in Appendix 2.

The procedure for simulations is as fol-
lows. The parametersm, ¢, a, v, ¢ and ct
are given specific values under Assumptions
1 and 2. Then the ex ante welfare in the

Abatement-First Case is:
EW =mW" +(1-mW"

where " is calculated using Eq. (4), with
pt-Com inEq. (8)and Y in Eq. (11); %"
is calculated using Eq. (4) with Y in Eq.
(11) and B* in Eq. (A3) if B* > glLCom
(Distortion Case), or gL.Comr in Eq. (8) if
B < BCemr (No-Distortion Case). Ex ante
welfare in the Tax-First Case is,

EW" =mWw"" +(1—mw"" where ™
is calculated using Egs. (4), (13), and (14).
Finally, EW* is compared with EW**, exclud-
ing from the simulation situations that vio-
late Assumption 3.

Simulations were carried out under the
following assumptions: m=0.5; § is normal-
ized to 10; and ¢* = ¢ /2. This paper re-
ports a result when v = 5. Figure 2 depicts
the result for various values of ¢” and a.

Note that when v = 5 (Figure 2(a)), the range

of ¢” permitted by Assumptions 1 and 2 is
(0,5). Areas I and III in Figure 2(a) show the
ranges in which EW*<=EW** holds. That is,
if the parameters fall within this range, the
regulator is better off setting its tax rate first.
In Area [, since ¢ and a are relatively low,
the optimal tax rate in a command economy,
R L:Command in (15), is high; thus even the up-
ward distorted B* falls short of pgL.Command
Therefore, EW* becomes smaller than EW**,
In Area IlII, B* is too large and thus makes
EW?* smaller than EW**. By contrast, if the
parameters fall within Area II, B* becomes
close to gt.Command  and thus improves wel-
fare (EW*>EW**).

Result.Depending on the basic parameters,
the regulator can increase ex ante welfare by
choosing the Abatement-First Case, i.e., by post-
poning its tax decision until after it has inspected

the firm'’s abatement equipment.

Simulations were carried out for other
values of v and showed that if v increases,
i.e,, if the marginal smoke discharged by pro-
ducing output increases, then a relatively
wider range of the space is covered by Area
II (EW*>EW**) (Figure 2(b)). This result con-
trasts with that of the complete-information
case, in which the Tax-First Case always dom-
inates the Abatement-First Case. Under com-
plete information, only the first of the three
channels mentioned above, through which
the difference in the timing brings about the
difference in outcomes, works. Thus, if the
regulator, who is a welfare-maximizer, moves
first, it is always welfare improving. (Note

not for publication: Computer software like
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Mathematica can calculate the equations for
the borderlines of Area I, II, and III. However
the equations are extremely messy and omit-
ted here.)

7. Alternative setups

Now I alter some of the assumptions in
the above model. First, if the marginal costs
of producing final products and abating pol-
lution have no relationship, e.g., if they are
drawn by Nature independently, then sig-
naling by the firm never takes place; the
Tax-First Case unambiguously brings about
better welfare than the Abatement-First Case.
Second, if the two costs have a negative rela-
tionship, then distortions, if any, occur in the
opposite direction: a firm with higher mar-
ginal abatement costs distorts its abatement
effort downward.

Next, I check the robustness of the re-
sults in this paper in regard to other specifi-
cations of the smoke function. Even if

S(Y,A)=vY-InA is used instead of Eq.(1),
Proposition 1 and the Result are qualita-
tively unaltered. Another alternative is
S(Y,A)=vY+1/A, which was assumed in the
Katsoulacos and Xepapadeas (1995) model of
environmental policy under oligopoly. This
set-up has the advantage that since smoke
discharged is always positive, Assumption
3 in this paper becomes unnecessary. In this
set-up, Proposition 1 remains the same quali-
tatively: the regulator can distinguish which
type of firm it faces in the Abatement-First
Case.® However, because of computational
difficulties, the optimal tax in the Tax-First
Case could not be explicitly derived in this
set-up. Katsoulacos and Xepapadeas show

that the optimal tax falls within a certain
range, but this approach is problematic for
my purpose of comparing precise welfare
levels under two alternative regimes.

Though some variations of the model
are considered above, this model remains
special in number of ways. For instance, us-
ing general demand and/or smoke functions
makes the exact level of the over-abatement
impossible to determine and the welfare
analysis intractable. However, if Lemma 1,
as well as the technical single-crossing con-
dition, holds with the same direction, the
intuitive criterion selects an outcome that
is qualitatively the same as in Proposition
1. With regard to the belief monotonicity
(Lemma 1), Tarui and Polasky (2005) point
out, although their model does not deal with
asymmetric information so that firms neither
overabate nor underabate in the sense that
they do not distort their actions compared to
under complete information, that:

With (emission) taxes that adjust, the firm
has a strategic incentive to increase investment
because a lower abatement cost function causes
the regulator to set a lower tax rate (Tarui and
Polasky, 2005, p. 449).

A similar property is inherited in the
current paper, as explained immediately af-
ter equation (5), resulting in Lemma 1 and

thus Proposition 1.
8. Concluding remarks

This paper has shown that under in-
complete information about the abatement
costs of a monopolistic polluter, a regulator
can induce the polluter to signal its costs sim-

ply by postponing its tax-rate decisions until
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an inspection of the firm’s abatement equip-
ment. Furthermore, it was shown that under
specific parametric assumptions, the firm’s
signaling behavior induced by this postpone-
ment is welfare-improving.

In this final section, I briefly mention
the relationship between the results of this
paper and those in commitment vs. discre-
tion models. There are several papers that
compare environmental policy under rules
and discretion (e.g., Biglaiser et al., 1995;
Tarui and Polasky, 2005; Requate, 2005). A
typical conclusion of those papers is: Rules
are more favorable in many cases, if it is pos-
sible to commit to them. This is because rules
prevent firms taking strategic actions. On the
other hand, the introduction of uncertainty
brings about the merit of discretion, which
allows the regulator to learn about the un-
certainty and update its policy. Malik (1991)
shows in his model with emission standards
that even when there is substantial uncertain-
ty, rules are preferable in most cases.

As for the timing of policy, the Tax-First
Case in this paper corresponds to rules, while
the Abatement-First Case corresponds to dis-
cretion.® The merit of discretion is doubled
in this paper by the presence of incomplete
information. By delaying its decision and al-
lowing the polluter to first make an invest-
ment, the regulator not only learns the true
costs of the polluter but also induces an effi-
cient firm to conduct overabatement in most
cases, which can be preferable under some
parametric values. In this sense, the pollut-
er’s signaling behavior in this model can ease
the time-inconsistency problem.

In many signaling models, distortions

in a signal-sender’s action have a negative

impact on welfare (e.g., Collie and Hviid’s
[1993, 1994, 1999] series of international trade
models).’ The reason for this is that a signal-
sender that is a welfare maximizer sacrifices
part of its payoff so as to send a signal in such
models. By contrast, distortions in this paper
can be welfare-improving for a simple rea-
son: The signal-sender is not a welfare maxi-
mizer; distortions caused by the firm when
it sends a costly signal inevitably reduce its
payoff, i.e., its profit, but can have a positive
impact on welfare in the form of increased

pollution abatement efforts.
Appendix1 Proof of Proposition 1
This is given in several steps.

Step1 Isoprofit curves are hyperbolic.
z(c',é,B)=7', where the LHS is giv-
en by Eq.(7) and 7' is some constant, can be
rewritten as:
—ac'B* + 1 BdE- 1 (& + [Mj B
% 4 %

26—c —w). (26-c' —wY i
- C+ -7 =0
2 2

i=H,L (A1)
Since (1/v)* —4x(—a ")x(1/4)>0
, Eq. (A1) represents hyperbolic curves in

(B,¢) space. Solving the above quadratic
equation for ¢ yields two solutions. While
the larger one has a U shape as the H-H seg-
ment of a line in Figure 1, the smaller solu-

tion has an inverse-U shape.

Step 2 Of the two solutions for ¢, only
the smaller one is relevant.
Totally differentiating Eq. (A1) with
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respect to B and ¢ yields the slope of an iso-
profit curve:

dét —r,

B,

_(_20 ;B+—5+c+2v]/(_25—c2—c—2v+B
%

Since 7, < 0 holds under Assumption 3 and
a small (large) B makes the numerator nega-
tive (positive), any isoprofit curve must have

an inverse-U shape.

Step 3 The isoprofit curves satisfy the

single-crossing condition.

d_ﬂ’T _d_ﬁ’T
dBl_, dB|_,

Rearranging derives the tangency locus
at which two isoprofit curves {7 noat } are

tangential to each other:

—avB¢ =2avBx (6 —v—C¢—=B/v)+(1/2{ =0 + ¢ +2v)

However, this tangency locus cannot cross
the relevant range in (B, ¢) space, since the
RHS of the above equation is positive under
Assumptions 2 and 3. Indeed always holds
in the relevant range (see Figure 1). The sin-
gle-crossing property follows from this fact
in conjunction with monotonicity (the profit
for the firm is strictly decreasing in ¢).
Step4 Cho and Kreps (1987) show that
the Intuitive Criterion selects the ‘Riley out-
come,” whichis the Pareto-efficient separating
equilibrium, in a signaling game with binary
types of a signal-sender that satisfies the sin-
gle-crossing condition. In the current model,
the Pareto-efficient separating equilibrium

H chooses

outcome is the one in which ¢
pt-comp and (! selects g* if B* > B

or ¢! selects pt.Comp if B < plComn.

Appendix2 Proof of Corollary 1

(i) Suppose that §_2y,>(. Then,

Jfrom Eq. (8) it is straightforward to show

that pL.Comp < RH:Comp . That is, point Y is
located to the left of point X, unlike in Figure
1. On the other hand, g#.Comwr . p* always
holds by the discussion of Step 2 in Appendix
1. Thus, pLComr . B*, which inevitably
brings about a Distortion Case.

(ii) Here no assumption is made about
the sign of §_ 2y . The profit that type %
obtains under complete information (point X

in Figure 1), 7"

, is derived by substi-
tuting .i _ 5 — .# and Eq. (8) into Eq. (7).
Then the abatement level that corresponds to
point Zin Figure 1, g*, is derived by solving
o H-Comp _ ”(CH ’ ol ’ B*) , where the func-
tional form of the RHS is given by Eq. (7), or
equivalently by solving:

2, (=6 +c" +2v) _

4a "V’

0L 2 L
(25 c 2c ZVJ iy ,,B*z+( d+c +2VJB*
v

S—c"-v)

The solution is:
. =0+t
B —T"' (C —C )U(As)
n=a "(46-3c" —ct —4v)+ 25 -c" —ct -20)/v* >0

The inequality comes from Assumption
1. Now carry out comparative statics analysis
by increasing .#, starting from % _ L.
From Egs.(A3) and (8) it is obvious that
B* _ BL,Comp (: BH,ComP ) , when CH =HCL .
To observe the effect of the increase in ¢ on
B , Eq. (1}12) is tota*lly differentiated with re-
spectto ¢ and B :
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_ H_ L_ _ H
—2(5—cH—v)+25 ¢ -c 2v+ 5+cH-Z2v ac”
2 2ac”v
L
— {—ZacHB* +5+C+2Vj dB’
%

When evaluated at o = ! 4+ ¢, for a
small €, the coefficient for dB* is close to
—_yH" 4 gH:Comr /., and thus is negative un-
der Assumption 3. From Eq. (A3), it is obvi-
ous that the coefficient for dB* is always
negative. Therefore, starting fromc¢” = ¢*,
the increase in ¢ increases B*, while it
does not change B%™, so p* - pL.Com
(Distortion Case). However, if o becomes
large enough to make the coefficient for g #
positive, an increase in o/ starts to reduce
B -1 § -2y < (), a further increase in "
may bring p* below pi.Comp (No-Distortion
Case). However, in simulations conducted by
the author the latter case was rare. In many
cases, ¢/ hits the ceiling set by Assumption
1 before bringing about the No-Distortion
Case.

(Endnotes)

1. Of course, it is possible for a firm
to engage in R&D activities that are solely
meant to reduce production costs and not
abatement costs. However, since large un-
certainties always surround the outcomes of
R&D investments, such R&D may also bring
about unforeseen technological advances in
pollution control as a by-product. If this is
the case, this ‘positive’ relation case will be
more natural than vice versa, although the
‘negative’ or 'no’ relation case is briefly men-
tioned in the final section.

2. There is a substantial body of litera-
ture exploring the effects of various policy

instruments on R&D decisions concerning

abating technology (see Jaffe et al., 2003 for
a review). However, it is unlikely that R&D
activities and asymmetric information about
abatement costs draw attention at the same
time. If a firm makes its R&D decisions stra-
tegically to affect its costs and a regulator
can observe them, incomplete information of
costs as assumed here would not likely be-
come the focus of analysis.

3. In practice, some abatement expenses
have to be paid at the same time as or after
the production: e.g., running costs of an air-
cleaner. Adding these costs complicates the
firm’s third-stage decision below without
giving additional insights, so they are ne-
glected in the model.

4. More formally, Assumption 3 re-
quires that: (i) the upper limit of possi-
ble abatement levels, B, is the level that
equates Eq. (9) to zero when ¢/ = ¢ =¢"; (ii)
Max(B~“" ,B") < B, where p* is defined
later. The simulations below show that this
condition is not too restrictive and is satisfied
naturally in most cases.

5. Segerson and Miceli (1998) and Wu
and Babcock (1999) analyze voluntary pro-
grams for environmental protection in terms
of strategic interactions between a regulator
and a polluter, but from a different view-
point from that taken in this paper.

6. The reason for the robust results with
respect to Proposition 1 is that Lemma 1 and
the single-crossing property explained in
Section 4 are also both satisfied in these two
alternative set-ups.

7.Also, acontinuumoftypes, ¢ e [c*,c” ]
, can be assumed instead of binary types. In
this case, all the types except .# overabate

compared to the complete-information case,
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if the regulator postpones its tax-rate deci-
sion. With a continuum of types, however,
an explicit solution cannot be derived for the
same reason as explained in Collie and Hviid
(1993, p. 334) and welfare considerations be-
come intractable.

8.There are two reasons why I did
not use the terms ‘rules’ and “discretion” in
the description of the model. First, in the
Abatement-First Case of this paper, the gov-
ernment must actively inspect the abatement

equipment and this procedure must be recog-

case where a regulator is anticipated to eas-
ily revise its policy. Second, in the papers
that deal with the Tax-First Case only (e.g.,
Katsoulacos and Xepapadeas, 1995), the term
‘rule’ is not used. This is probably because in
these papers the timing of the firms’ two de-
cisions (investment and production) does not
matter much.

9. An exception is the Vickers (1986)
monetary policy model, in which distortions
created by the central bank are welfare-im-

proving for a different reason from that in

nized by all parties, unlike a usual discretion this paper.
~
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(a) Assumptions: m=05; 6=10, =%/2 v=5
Area Il Arvea ITI
EW' >EW" EW" <EW®
.75
d
0.5
0.5
Y, ' . } Area that violates
Myeal ™ i t : s Assumption 3
H
EW' <EW" .
(b) Assumptions: the same as above except for v=8
Arvea I
L Area III
- —r
1.5
1d
Areal
"‘-..___-.-.-..'_
\ 0.5
\ Area that violates
. Assumption 3
0
L] 0.5 1 G i 3
H
C
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