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Abstract

In this paper we develop an environmental regulation model with asymmetric in-

formation where the enforcement mechanism should be designed based on the emission

reports chosen by the �rms and the emission signals that the enforcement agency re-

ceives. We consider two cases: �rst �rms choose their emission levels and their emission

reports second we include the technological progress. The e�ect of technological progress

is twofold: it increases the production level and abates the emissions. We compare the

equilibrium results with imperfect monitoring where the enforcement agency uses two

di�erent mechanisms with the perfect monitoring results. The mechanism using the

gap between the emission signals and reports gives the same results with the perfect

monitoring case whereas if only the emission signals are used for the enforcement mech-

anism we obtain better results compared with the perfect monitoring case: emissions

are reduced, investments are increased. We conclude that if the aim of the enforcement

agency is truthful revelation then the �rst mechanism does de�nitely better than the

other. Instead, if the enforcement agency is concerned with the social welfare the other

mechanism will be chosen.
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1 Introduction

Environmental taxation is one of the instruments used to reduce pollutant emissions.1

The initial idea behind the environmental tax is to compensate for a damage created

by the externalities at the production or the consumption processes, to control and

regulate the level of the damage and to achieve environmental improvements. The

latter can also be achieved through energy saving technical progress and clean energy

technologies. In this context environmental taxation becomes also an instrument to en-

courage the innovation activities. Consequently , environmental improvement depends

on an optimal and e�cient taxation scheme so as to regulate the level of pollutant

emissions and to provide incentives to innovate. As the cost of the determination of

pollutant emission levels of agents by the enforcement agencies is high, this usually de-

pends on self-reporting behaviour. So the self-reporting behaviour becomes central in

the regulation of negative externalities and the incentives for innovation and industrial

growth. This paper focuses on the mechanisms that an enforcement agency can use to

motivate the agents for a truthful behaviour and the behavioural implications of these

mechanisms. We show that the penalties are not enough to motivate and auditing is

necessary and this in return should vary with the situation the enforcement agency is

dealing with.

1Harmonisation of economic and environmental goals is one of the main concern of policy makers.

This has become crucial since the Kyoto Protocol, negotiated in December 1997, where countries

committed to reduce their emissions of greenhouse gases and an enforcement branch is constituted

to control the compliance of countries with their emission targets. There exists other instruments

to reduce pollutant emissions: emission charges, environmental taxes, performance bands, liability

payments and noncompliance fees. In this paper environmental taxes are considered since they emerge

as potentially e�ective market instruments (see Watson et al. (1996)). Furthermore, Nellor (1997)

argues that environmental taxes can replace taxes on labour since they imply lower social costs, boost

economic activity and promote employment.
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The pioneering study of Pigou (1920) suggested that corrective taxes are necessary

to reduce activities that generate negative externalities and the level of these taxes

is determined by the marginal damage created at the optimal level of the economic

activity. However, as pointed out by Becker (1968), the determination of the level

of damage caused by each agent is socially costly then the enforcement is preferably

done with a certain probability. When the environmental pollution is concerned, the

enforcement scheme relies on the self-reporting of agents. Kaplow and Shavell (1994)

o�ers two advantages of this scheme: the saving of enforcement resources and the

elimination of risk-bearing costs. As it is presented in Polinsky and Shavell (2000) the

environmental enforcement literature followed from the studies on optimal penalties

in law and economics, and especially the literature on mechanism design.2 The main

result of this literature is that when the enforcement agency increases monitoring and

inspections the compliance with the restrictions and regulations can increase. A recent

study on the issue Macho-Stadler and Pérez-Castrillo (2006) argues that the optimal

audit policy in environmental regulation requires that the resources are devoted to the

easiest-to-monitor �rms and to those �rms that value pollution the less. This analysis

is based on a constant auditing probability. However, we show that endogenising the

auditing probability with respect to the emission levels or some signals about the

emission levels can improve the environmental outcome.

Even if the primary aim of the environmental regulation is to compensate for the

damage created by pollutant activities, the motivation and incentives of polluters to

innovate in energy e�cient and cleaner technologies should also constitute an important

component of the environmental enforcement mechanisms. The present study aims to

include innovation activities of �rms into the environmental regulation setup. In this

2For a detailed review of the literature see Cohen (1999). For the tax collection and regulation see

also Border and Sobel (1987), Wagenhofer (1987) and Mookherjee and Png (1989).
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context, we investigate the relationship between the enforcement mechanism and the

innovative activities.

The paper is organized as follows. In the second section we describe the basic model

where the only decision is the emission level and we compare the perfect information

case with the asymmetric information case. In the asymmetric information case we

propose two di�erent mechanisms for the enforcement agency. In Section 3, we present

another model where we combine the R&D investment decisions with the emission

decisions. Again the previous analytical steps are followed. In section 4 we present the

concluding remarks.

2 The model I - The auditing probability and the

signal of the emission level

The basic model follows from Macho-Stadler and Pérez-Castrillo (2006). We consider

a single competitive �rm which chooses explicitly an emission level e. The �rm bene�ts

from emissions. The bene�t from emissions is represented by the function g(e) which

satis�es (g′(e) > 0 and g′′(e) < 0) and Inada conditions. The enforcement agency

has to control the pollution and consequently the emission levels are taxed linearly

at a rate t. In our model we do not deal with the determination of this rate. On

the other hand since the enforcement agency can not perfectly monitor the damage or

the emissions we are concerned with the enforcement policy and the emission levels

that will be determined accordingly. In order to do so, we have to compare two cases:

perfect monitoring and imperfect monitoring.
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2.1 Perfect Monitoring

We suppose that the enforcement agency perfectly observes the emission levels. The

pro�t of the �rm is:

Π(e) = g(e)− te (1)

The optimal level of emission is obtained through the maximisation of the pro�t

and satis�es the following identity:

g′(ePM) = t (2)

Equation (2) states that the marginal bene�t of polluting is equal to its marginal

cost and the optimal level of emission is decreasing in t.

Next we have to deal with the situation where the enforcement agency does not

have perfect information about the emission level and has to use available data to

collect tax payments e�ciently. The motivation of the next section will be to compare

the optimal emission levels under perfect and imperfect monitoring.

2.2 Imperfect Monitoring

The level of emissions can not be observed perfectly, thus the enforcement agency

should rely on the emission report given by the �rm denoted by z. Here it is important

to note that the reported emission level can be di�erent than the true level. The

rationality condition requires that z is not greater than e and in fact as �rms are pro�t

maximisers z satis�es z ≤ e. It's costly to audit each �rm and �rms are audited

with a probability α. The enforcement agency should determine this probability in

such a way that will induce the �rms to truly report their emission levels. In addition

to the reported emission level z the enforcement agency receives a signal f that is

correlated with e. As a result the enforcement agency should base its decision about

the probability of auditing on these values. We will consider two alternatives. First
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the probability of auditing depends only the signal f and in the second case we will

assume that the di�erence between the signal and the reported emission determines

this probability.

We suppose that if the �rm is caught the true level of emission can be covered. The

�rm that is audited and found underreporting must pay the tax on the unreported

emission plus a penalty.

Assumption 1 The penalty takes the form θ(u) where u = e− z and u ≥ 0.

Assumption 2 θ(0) = 0, θ′(u) > 0, θ′′(u) > 0.

Remark 1 Notice that the expected tax payment of the �rm should satisfy the follow-

ing condition: tz + α(.)tu + α(.)θ(u) ≤ te. If the expected tax payment in case of

underreporting exceeds the expected tax payment in case of truthfull revelation there

will be an incentive to truthfully report the emission level. As a result the probability

of auditing can not exceed 1
θ(u)
tu

+1
.

2.2.1 Auditing probability as a function of the signal

The enforcement agency uses the signal to determine the probability of auditing. The

reports are used for the determination of the amount of tax and the penalties.

Assumption 3 The probability of auditing is α(f).

Assumption 4 α(0) = 0, α′(f) > 0, α′′(f) > 0.

Consider the following pro�t function of a representative �rm that will be audited

with a probability of α:

Π(e, z) = g(e)− tz − α(f)tu− α(f)θ(u) (3)
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The optimal level of emission eIMA and the report zIMA are obtained through the

maximisation of the expected pro�t with respect to the true emission level e and the

reported level z. The �rst order conditions are as follows:

∂Π(e, z)

∂e
= g′(e)− α′(f)(tu + θ(u))− α(f)(t + θ′(u)) = 0 (4)

∂Π(e, z)

∂z
= −t + α(f)(t + θ′(u)) = 0

Result 1 eIMA < ePM for all zIMA < ePM and eIMA = ePM for zIMA = ePM . Note

that ∂Π(e,z)
∂e

∣∣∣
e=ePM

= −α′(f)(t(ePM − zIMA) + θ(ePM − zIMA)) ≤ 0.

Figure 1: Firm's decision of the emission level and the report

This result is in contradiction with the result in Macho-Stadler and Pérez-Castrillo

(2006) since when there is imperfect monitoring they show that the optimal emission
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level could be greater under the assumption that the auditing probability is exogenous.

We see that altering this assumption leads to a completely di�erent result.

Remark 2 The optimal emission report is obtained through the identity: α(f) =

t
t+θ′(u)

. The di�erence between the reported and the true level should decrease as the

probability of auditing increases ( lim
α(f)→0

θ′(u) = ∞ and lim
α(f)→1

θ′(u) = 0). That is in

accordance with the intuition.

Proposition 3 For a given level of tax rate t and penalty function θ(u) the optimal

level of emission and report decisions for the �rm are (eIMA, zIMA):

if e ≥ ē2 then eIMA = ePM and zIMA = eIMA.

if ē1 < e < ē2 then eIMA < ePM and eIMA satis�es (4) with zIMA < eIMA.

if e < ē1 then eIMA < ePM and eIMA satis�es (4) with zIMA = 0. ē2 satis�es the

condition (1− α(f))t = α(f)θ′(0) and ē1 satis�es (1− α(f))t = α(f)θ′(ē1)

2.2.2 Auditing probability as a function of the di�erence between the sig-

nal and the report

In the previous section the enforcement agency uses the signal to determine the auditing

probability. Another approach at this point can be to use the di�erence of the emission

signal and the emission report to determine the auditing probability.

Assumption 5 The probability of auditing is α(v) where v = f − z.

Assumption 6 α(0) = 0, α′(v) > 0, α′′(v) > 0.

The pro�t of the �rm becomes:

Π(e, z) = g(e)− tz − α(v)t(e− z)− α(v)θ(u) (5)
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The optimal level of emission eIMB and the report zIMB are obtained through the

maximisation of the expected pro�t with respect to the true emission level e and the

reported level z. The �rst order conditions are as follows:

∂Π(e, z)

∂e
= g′(e)− α′(v)(tu + θ(u))− α(v)(t + θ′(u)) = 0 (6)

∂Π(e, z)

∂z
= −t + α′(v)(tu + θ(u)) + α(v)(t + θ′(u)) = 0

Result 2 eIMB = ePM . Adding up the �rst order conditions we obtain g′(eIMA) = t

3 The model II - The investment in R&D

In the Model I, the �rms bene�t from emissions since the latter is used as a proxy

for the level of production. However, the search for cleaner technologies are also on

their agenda. The introduction of R&D investment as a means to reduce emission

levels for a given level of production and to increase the productivity requires another

analytical framework. The motivation of this current model is to analyse the forces that

determine, on the one hand, the rate of technological change driven by R&D investment

and on the other hand the optimal level of emissions which are also a�ected by the

technological progress.

Production is determined by the technological level A and, as in the previous model,

the bene�ts from polluting g(e). The �rms conduct R&D activities to increase their

productivity and to decrease the level of emission of pollution. The level of R&D

investment is denoted by x. The impact of the investment in R&D x is twofold: it

decreases the level of emissions (e′(x) < 0 and e′′(x) > 0) and increases the global

productivity (A′(x) > 0 and A′′(x) < 0). Note that there is a trade-o� between the

technological progress and the bene�t from emissions. The production function is given

by the following equation:

Q(x) = A(x)g(e(x)) (7)
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Assumption 7 The marginal product of investment is nonnegative ∆Q(x) = ∆A(x)∆x+

∆g(e(x))∆e∆x ≥ 0.

Remark 4 The �rst term is positive and the second term is negative. The marginal

increase in productivity should compensate for the decrease in the emission level at the

new technological level.

The technological progress is achieved through investing in R&D but this invest-

ment is costly. The cost of R&D is given by h(x).

Assumption 8 There are decreasing returns to scale in R&D expenditures (h′(x) > 0

and h′′(x) > 0).

The remaining structural and behavioural assumptions are the same with the Model

I. We compare two cases: perfect monitoring and imperfect monitoring.

3.1 Perfect Monitoring

Since there is perfect monitoring, the �rm makes tax payments on the true emission

level. The representative �rm maximises the following equation:

Π(x) = A(x)g(e(x))− te(x)− h(x) (8)

The optimal level of emission is obtained through the maximisation of the pro�t

with respect to the R&D investment level and satis�es the following identity:

∂Π(x, z)

∂x
= A′(x)g(e(x)) + A(x)g′(e)e′(x)− te′(x)− h′(x) = 0 (9)

Rearranging the equation (9) yields the optimal level of investment xPM :

A′(xPM)g(e(xPM)) + A(xPM)g′(e(xPM))e′(xPM) + te′(xPM) = h′(xPM) (10)

Equation (10) states that the marginal bene�t of investing is equal to its marginal

cost.
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3.2 Imperfect Monitoring

In this section we analyse the di�erences in the behaviour of the �rm about R&D

expenditures in two contexts that we introduced for the Model I. In the �rst, the

probability of auditing depends only on the signal f . In the second the probability

becomes a function of the di�erence between f and z.

3.2.1 Auditing probability as a function of the signal

Consider a representative �rm that maximises the following equation:

Π(x, z) = A(x)g(e(x))− tz − α(f)t(e(x)− z)− α(f)θ(u)− h(x) (11)

The �rst-order conditions for the equation (11) give the following identities:

0 =
∂Π(x, z)

∂x
= A′(x)g(e(x)) + A(x)g′(e)e′(x) (12)

−α′(f)e′(x)(tu + θ(u))− α(f)(te′(x) + θ′(u)e′(x))− h′(x)

0 =
∂Π(x, z)

∂z
= −t + α(f)(t + θ′(u))

Result 3 xIMC > xPM and xIMC = xPM for zIMC = e(xPM). Note that ∂Π(x,z)
∂x

∣∣∣
x=xPM

=

−α′(f)e′(x)(t(e(xPM)− zIMC) + θ(e(xPM)− zIMC)) ≥ 0.

3.2.2 Auditing probability as a function of the di�erence between the sig-

nal and the report

The representative �rm maximises the following equation:

Π(x, z) = A(x)g(e(x))− tz − α(v)t(e(x)− z)− α(v)θ(u)− h(x) (13)

The optimal level of R&D and report are obtained through the maximisation of

the pro�t with respect to the R&D investment level and the emission report. The �rst
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order conditions are as follows:

0 =
∂Π(x, z)

∂x
= A′(x)g(e(x)) + A(x)g′(e)e′(x) (14)

−α′(v)e′(x)(tu + θ(u))− α(v)(te′(x) + θ′(u)e′(x))− h′(x)

0 =
∂Π(x, z)

∂z
= −t + α′(v)(tu + θ(u)) + α(v)(t + θ′(u))

Result 4 xIMD = xPM . Adding up the �rst order conditions we obtain A′(x)g(e(x))+

A(x)g′(e(x))e′(x) + te′(x) = h′(x).

4 Conclusion

In Turkey, the revenue raised from environmentally related taxes represents 1.7% of

GDP in 1995 while it reaches 5.2% in 2003. The share of the environmental tax

revenue represents less than 7% of total tax revenue in 1995 and it corresponds to

16% of total tax revenue in 2003. This corresponds to 130% of increase for a period

of 8 years (OECD, 2001). The investigation of emission levels per output reveals an

increasing pattern. It is obvious that the environmental regulation system even tough

collects a considerable amount of taxes does not motivate for any innovative activities.

The reason behind this can be seen in the taxation scheme: there is a lump sum

tax for pollutant emissions regardless of the emission level. This paper considers an

environmental tax per emission and provides two di�erent enforcement mechanisms. In

Turkish case the correction of the environmental regulation framework would require

the application of environmental tax per emission �rst and an appropriate choice of

enforcement mechanism for incentives for innovation.

In this paper we presented two di�erent mechanisms for the enforcement agency.

One of the mechanisms does de�nitely better as far as truthful revelation is concerned.

On the other hand the results with the other mechanism may di�er from the optimal
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results under perfect information. We may achieve better results on both models, since

the enforcement mechanism induces agents to make less pollution in the Model I and

more investment in R&D and less emission in the Model II. We reach the conclusion

that the enforcement mechanism should be designed according to the situation that

we analyse.
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