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Abstract: To set an emission tax consistent with a given environmental target, the regulator must know the firms’ abatement costs functions. But this is never the case. Most of the textbooks in environmental economics have argued that this problem can be solved by a trial and error process through which the regulator imposes a tax level, then observes firms’ emissions and adjust the tax accordingly.  We explore the consequences of using this type of rule on the possibility of achieving the aggregate emissions target in the context of incomplete enforcement and propose a simple alternative rule.  Our results indicate that: (i) by using the text book rule, the regulator is unable to set the proper tax level; consequently, the environmental target can never be reached; and (ii) the simple alternative rule that we propose allows the regulator to set the proper level of the tax based upon all the relevant information received from the firms. 
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1. Introduction

Emissions taxes are an opportunity to achieve a given environmental target in a cost-effective manner. However, one of the problems for their practical implementation is to set the appropriate tax level. To set the tax consistent with the aggregate emissions target the regulator must know the firms’ abatement costs functions. But this is never the case. Interestingly, while recognizing this problem, most of the textbooks in environmental economics have also argued that it can be solved by a trial and error process through which the regulator imposes a tax level, then observes firms’ emissions and adjust the tax accordingly. [See for example Hanley, Shogren, and White (1997), Kolstad (2000), and Tietenberg (2000)].
 

A crucial aspect that the trial and error process leaves aside is that it could be impossible for the regulator to observe the actual level of emissions. To overcome this problem, the regulator may ask firms to report their emissions. But even in this case the authorities may not be able to get the correct information because firms may under-report their emissions if enforcement is not sufficient to induce truthful reports.  We argue that if this is the case, and the regulator treats the reported emissions as actual emissions, adjusting the tax based on the former, the environmental target is never achieved.  The actual aggregate level of emissions will be larger than the policy target and the difference between them will be larger the weaker the enforcement.

The issue has not only theoretical relevance but also a practical one. One example is the Colombia’s wastewater discharge fee program implemented in 1997. In this program, in each compliance period the level of the fee (“tasa retributiva”) is set according to a rule that considers two elements. First, an initial fee defined by the Ministry of the Environment for each basin and regulated pollutant. Second, an adjustment factor that increases or decreases the fee according to the difference between the reported aggregate level of emissions and the aggregate emissions target. The environmental target is defined by an agreement between the regional environmental authority and the regulated firms. This target is revised every five years. Each compliance period lasts six months.  When the aggregate reported level of emissions equals the target, the level of the fee remains constant
In this paper we explore the consequences of using a naive emissions tax adjustment rule -such as the one just described above- on the possibility of achieving the emissions target in the context of incomplete enforcement.  Furthermore, we develop a simple rule that allow the regulator to set the proper level of the tax by using all the relevant information received from the firms. 

We do not consider a mechanism – design type of solution. Although the latest mechanisms proposed in the literature that we are aware of are simple [see for example Caffera and Dubra (2006), and Montero (2006)], we do not observe yet this type of solutions in the real world, and their implementation continues to be problematic. Consequently, the type of tax adjustment rule that we address in this paper is still relevant in the policy arena as a device to solve the imperfect information problem between regulators and firms.

2. The Model

In this section we present the basic framework for our analysis.  First, we present the standard compliance model of an individual firm operating under an emissions tax system with self-reporting of emissions (Harford, 1987).  Second, we review some results of this model to explore the consequences of using the textbook rule to set the tax when enforcement is not sufficient to induce compliance.

2.1. Basics

Suppose the policy objective is to achieve a given aggregate level of emissions. We denote it as E0. An emissions tax system is in place. The number of sources being regulated is n. Each source faces a constant marginal (per unit of emission) tax, (. We consider the case of a risk neutral source. The firms’ abatement costs function is given by c(e,(), which is strictly decreasing and convex in the actual level of emissions e; that is  ce(e,() < 0 and cee(e,() > 0.   We distinguish between the sources under regulation by the vector (, which considers the individual source characteristics. 
The sources self-report emissions. We denote a source’s emissions report as r.  A reporting violation occurs if the source’s reported level of emissions r is lower than the actual level of emissions e; that is (e ( r) > 0; otherwise, the source is compliant.
 

The source faces a probability of being audited, which we denote (. An audit provides the regulatory agency with perfect information with respect to the source’s compliance status. If the source is audited and found to be in violation, the penalty f(e ( r) is imposed. We assume that in the case of zero violation the penalty is zero but the marginal penalty is greater than zero; that is f(0) = 0,  f’ (0) > 0.  In the case of positive violation, the penalty is strictly increasing and strictly convex [f’ (e ( r) > 0, f’’ (e ( r) > 0]. We assume the emissions tax and the enforcement policy (the probability to be audited and the penalty function) are communicated to all firms. A source chooses the emissions level, and the report so as to minimize total expected compliance costs, which include its abatement costs, the tax bill and its expected penalty.
 In this way, the source’s problem consists in choosing the emissions level to solve,

min {e,r} c(e,() + r( + (f(e - r)
[1]

s.a. e - r ( 0.

The Lagrange equation for this problem can be written as:  ( = c(e,() + r( +  (f(e ( r) ( ((e (  r); and the Kuhn – Tucker conditions are:

                   (e = ce(e,() + (f´(e ( r) ( ( = 0
[2-a]

                  (r = (  ( (f´(e ( r) + ( = 0
[2-b]

                 (( = (e ( r) ( 0, ( ( 0, ( ( (e ( r) = 0 
[2-c]

Equations [2 a-c] are necessary and sufficient to determine the firm’s optimal choices of actual emissions, and reported emissions.

2.2 Individual choice of emissions, reported emissions, and compliance level

We now turn our attention to review some previously known results from the existing literature.  We will use these results to explore the consequences of weak enforcement on setting the level of the emissions tax.  We consider that the fixed enforcement parameters (penalty and monitoring effort) are insufficient to induce perfect compliance, so that e > r.  We know that a firm will report truthfully (e = r) if (  
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 (f´(0). Therefore, our assumption implies that the environmental regulator is unable to set the fine or the audit probability such that this condition holds. This can happen because: (a) the penalty function f is fixed and out of control of the environmental regulator, and (b) the environmental authority has a limited monitoring budget. 
Choice of emissions: Regardless of its compliance status, a firm chooses its emissions level such that;

                               ce(e,() + (  = 0                                                                        (3)

The result suggests that the individual choice of emissions is a function of the tax level and its individual characteristics; that is e((,().  [see for example Harford (1987) ].

Choice of reported emissions: Given a choice of emissions, a non-compliant firm chooses its emissions report such that;

                             (  ( (f´(e((,() ( r)  = 0.                                                             (4)

Equation (4) implicitly defines the firm reported level of emissions as a function of enforcement, tax level, and individual source characteristics; that is, r((,(,().

The violation level: The extent of the reporting violation, v, is given by the difference between the reported and the actual level of emissions; that is,

                                  v((,(,() = e((,()( r((,(,().                                                (5)

2.3 Tax adjustment

We suppose that the regulator adjusts the level of the tax in the following way: at the end of a compliance period, the regulator compares the aggregate reported level of emissions, R, with the policy target, E0.   Let us define D = R ((,(((,() ( E0;  where (((,( , represents vectors containing each individual firm characteristics and monitoring probability, respectively. The adjustment rule is given by:
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where  
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  The marginal adjustment in the level of the emissions tax can be increasing, decreasing, or constant in the absolute value of D. 
The regulator, however, would want to adjust the emissions tax level based on the gap between the actual level of aggregate emissions and the aggregate emissions target.  Denoting that gap as D*, with D* = E((,(() ( E0, we can write the desired tax adjustment as,
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Under an incompletely enforced emissions tax system, the following relation must hold,                                             
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Given (8), we have two possible types of aggregate violations: a reported one, which occurs when the aggregate reported level of emissions is larger than the policy objective (R ((,((,(() > E0), and an actual one, which occurs whenever the real level of emissions is larger than the policy objective, (E((,(() > E0). 

3. Results

We are now ready to present our main results. 
Lemma 1. Suppose an aggregate violation is reported. When the regulator increases the tax: (a) actual emissions decrease, (b) reported emissions decrease, and (c) under-reporting increases.

Proof of Lemma 1. 

(a) From (3) we know that ce(e((,(),() + ( 
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 0. Deriving this expression with respect to ( and rearranging we obtain 
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(b) From (4) we know that (  ( (f´(e((,() ( r((,(,())
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(c) From (b) we know that 
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Lemma 1 suggests that in response to an increase in the level of the emissions tax, individual sources will respond by decreasing not only the level of actual emissions, but also the level of reported emissions.  The intuition of this latter result is the following: as the tax increases, the marginal cost of an emissions report also increases, therefore firms will respond reducing their emissions’ report.  Although both actual emissions and reported emissions decrease in response to the increase in the tax level, the extent of the unreported level of emissions increases.  This happens because with fixed enforcement parameters, an increase in the tax makes the difference (  > (f´(0) larger, increasing the incentive to uncover emissions. Figure 1 illustrates the situation for a given individual firm, assuming marginal abatement costs are decreasing at a constant level (cee is a constant). From equation (4), if the tax level is set at
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Insert Figure 1 about here
Based on Lemma 1, the following propositions holds,

Proposition 1. Suppose an aggregate violation is reported, then the regulator increases the emissions tax less than necessary. 

Proof of Proposition 1.  An aggregate reported violation implies that D = R ((,((,(() ( E0 > 0.  Then, by Equation (6), (( > 0.  Also, from equation (8), R ((,((,(() < E ((,((), and therefore E0 < E ((,(). Finally, from Equation (7) ((* > 0, and given R((,((,(() ( E0 < E ((,(() ( E0 and the structure of equations (6) and (7), it follows that ((* > (( > 0.  QED. 

Proposition 2.   Suppose aggregate over compliance is reported, the regulator responds by reducing the emissions tax, and three cases are possible:

i) The regulator decreases the emissions tax more than necessary. 

ii) An emissions tax reduction is implemented when an increase was necessary.

iii) An emissions tax reduction is implemented when it was not necessary. 

Proof of Proposition 2. An aggregate reported over compliance implies that D = R ((,((,(() ( E0 < 0.  Equation (6) implies that (( < 0.  From equation (8), R ((,((,(() < E ((,((), then three cases are possible, (i)  E ((,(() < E0; (ii) E ((,(() > E0; and (iii) E ((,(() = E0 .  From equation (7) it follows that for each case the proper tax adjustment should be:  ((* < 0; ((* > 0, and ((* = 0, respectively.

Then, the three possible cases are the following:

i) From R ((,((,(() ( E0 < E ((,(() ( E0 < 0 ,  and the structure of equations (6) and (7) it follows that  (( < ((* < 0.  

ii) From R ((,((,(() ( E0 < 0, E ((,(() ( E0 < 0, (( < 0; and  ((* > 0;

iii) From R ((,((,(() ( E0 < 0, E ((,(() ( E0 = 0, (( < 0; and  ((* = 0. QED.
Proposition 3. Under incomplete enforcement and a tax adjustment rule that treats the reported emissions as actual emissions the aggregate emissions target is never reached. 
Proof of Proposition 3. Under incomplete enforcement, R ((,((,(() < E ((,((). Two situations are possible:

i) R ((,(((,() < E0: from Equation (6) (( < 0 and from Lemma1 R ((,((,(() and E ((,(() increase until R ((,(,() = E0  < E ((,(().
ii) R ((,((,(() > E0: from Equation (6) (( > 0 and from Lemma1 R ((,((,(() and E ((,(() decrease until R ((,((,(() = E0 < E ((,((). QED.

Proposition 3 is one of the main results of the paper. It says that when enforcement is weak, a regulator that treats the reported level of emissions as the true level imposes a cost on society in the form of a lower level of environmental quality, as compared to the initially desired one. Furthermore, this cost is unnecessary because the regulators already have all the information to solve the problem, as Proposition 4 makes it clear.
Proposition 4. Under an incompletely enforceable tax system, a regulator can still achieve the environmental target using firms’ reports to infer the actual level of emissions, and by this way calculate the correct tax. 

Proof of Proposition 4. For every tax level ( the firms select r according to equation (4). Therefore the regulator has all the information to derive the actual level of emissions e consistent with each tax level (Given
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the regulator can find e using (4)). Provided that f is strictly convex and f´ is monotonically increasing, by the inverse function theorem f´ has a monotonically increasing inverse function. Let denote the inverse function of  f´ as g.  From equation (4) we can write f´(e((,() ( r)  = ( ( ( ; applying g to both sides we obtain g(f´(e((,() ( r)) = e((,() ( r = g(( ( (), from which follows that e((,() = g(( ( () + r. By this process the regulator can infer E and 
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Figure 2 illustrates Proposition 4. Assume that the regulator initially estimates that the aggregate marginal abatement cost curve is given by 
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 Assume this results in an aggregate level of emissions R0
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4. Conclusions and policy implications

A regulator who wants to achieve a given environmental target through an emissions tax but is unable to avoid under-reporting of emissions by firms, will not succeed when following a naive tax-adjustment rule based on the gap between the aggregate reported level of emissions and the aggregate emissions target. In order to overcome this problem, the regulator can use a simple alternative rule based on the optimality conditions for the choice of the actual and reported level of emissions by the firms. The rule does not require more information from the one that is already available to the regulator and is easily implementable. Therefore, it should be observed in practice if regulators act rationally.
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� The same argument is found also in Cropper and Oates (1992). Field and Field (2003) argue instead that the regulator should observe environmental quality. This argument circumvent the problem of observing emissions, but in practice the environmental quality of a receptor body may be determined not only by the regulated firms but also by other pollution sources not subject to the tax (non-point pollution is an example). In this case, firms subject to the tax would end up paying for pollution they do not generate. Consequently, the emissions’ tax level would not be proper in this case either, unless the regulator has perfect knowledge of the transfer coefficients of each source of pollution, which is not a realistic situation.


� A second type of violation in this framework occurs when the source does not pay the tax bill. We do not consider this type of non-compliance, besides it could be important, as it is in the Colombian case (see Blackman, 2006). 


� We assume that every firm is small enough so that its emissions report does not affect the tax. If one assumes the opposite (and that the firm has the information to calculate the effect of its reports on the tax), our argument still holds. In this latter case the regulator can still use the alternative rule we propose to set the correct tax. 





� An example of the adjustment rule that we have in mind is given by the Colombian case, where: � EMBED Equation.3  ���, k > 0 � EMBED Equation.3  ���, and � EMBED Equation.DSMT4  ���, with t being a time index for the compliance period. However, our case allows both, upward and downward adjustments in the tax level.


� The regulator could have asked the firms to report their abatement costs. We know from Kwerel (1977) and Bulckaen (1997) that under a tax scheme this would result in under-reporting of abatement costs functions, unless the regulator uses some mechanism under which the firms tell the truth. We do not consider this possibility for the reasons stated in the main text.
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