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Abstract

In practice, targeted monitoring seems to be a strategy frequently used by regulators. In this
paper, we study the effects of targeted monitoring strategies on the adoption of a new abatement
technology and, consequently, on the aggregate emissions level when firms are regulated with
uniform taxes. The results suggest that a regulator aiming to stimulate technology adoption
should decrease the adopters’ monitoring probability and/or increase the non-adopters’
monitoring probability. In contrast to previous literature, we find that, in some cases, a regulator
whose objective is to minimize aggregate emissions should exert a stronger monitoring pressure

on firms with higher abatement costs.
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1. Introduction

Previous theoretical literature on enforcement of environmental regulations has shown that a
firm will comply with a regulation when its compliance costs are lower than the expected penalty
associated with the violation (Hardford, 1978; Hardford, 1987; Stranlund and Dhanda, 1999;
Stranlund and Chavez, 2000; Sandmo, 2002; Friesen, 2003). However, in many circumstances,
the frequent monitoring and relatively high fines necessary to deter firms from violating
regulations are not available, leading to imperfect enforcement. Imperfect enforcement may be
driven by the lack of accurate monitoring technology (Segerson 1988 and Heyes, 1994), reticence
to use high penalties (Harrington, 1988) and/or budget constraints (Rousseau, 2007). In fact, one
common argument against the use of market-based approaches in developing countries is that
these countries lack resources to properly monitor and enforce policies (Coria and Sterner, 2010;
Bell, 2002, Blackman and Harrington, 2000). A suitable strategy for the regulator to deal with
the budget constraints in the enforcement activity is to target enforcement and define a
monitoring schedule to firms according to their past compliance records or to their potential

emissions (Rousseau, 2007).

In practice, targeted enforcement is a strategy used by regulators. Gray and Deily (1996) use
data on individual U.S. steel plants to test whether differences in firm characteristics and
behavior affect enforcement decisions at the plant level. They find that regulators exert more
enforcement pressure on plants expected not to be in compliance and firms producing large
amounts of pollution irrespective of compliance status. Similarly, Rousseau (2007) empirically
tests the targeting policy used by the Flemish Environmental Inspection Agency in Belgium and
shows that the agency uses targeting to select the textile firms it will routinely inspect. The
agency decides on routine inspections for water based on discharged waste load, the receiving
medium of the discharge, the presence of hazardous pollutants, and the available budget and
personnel. Given that targeted monitoring seems to be a practice used by regulators, the objective
of the present paper is to analyze its effects on adoption of new abatement technology and,

consequently, on the aggregate emission level when firms are regulated with uniform taxes.



Little attention has been paid to the relationship between diffusion of new technologies and
the compliance behavior of risk-neutral firms. An exception is Villegas and Coria (2009), who
focus on market-based regulations enforced through a uniform monitoring probability across
firms. They find that in the case of uniform taxes the rate of adoption does not depend on the
enforcement parameters. While this result relies on a uniform enforcement strategy, the
monitoring probability can depend on firm characteristics as well (Macho-Stadler and Pérez-
Castrillo, 2006), implying a targeted enforcement strategy. Previous theoretical literature has
studied whether targeted enforcement based on specific firm characteristics, e.g., abatement cost
parameters, is a plausible strategy to minimize violations. When firms are regulated by standards
on emissions, a greater monitoring effort should be directed at firms with higher abatement costs
(Garvie and Keeler, 1994). In contrast, when firms operate under tradable emission permits
(TEPs), the distribution of optimal monitoring effort should be independent of differences in
firms® abatement costs (Stranlund and Dhanda 1999)'. Murphy and Stranlund (2007) confirm
these findings in an experimental setting. Consistent with theoretical predictions, they find that
pursuing targeted enforcement strategies when firms face fixed emission standards is justified,
but not in the case of TEPs.

Macho-Stadler and Pérez Castrillo (2006) show that when firms are regulated by uniform
emission taxes, for a regulator who has as its objective to minimize aggregate emissions it is
optimal to bias her monitoring strategy against firms that value pollution less, i.e., firms with low
abatement costs. Nevertheless, they do not consider the fact that firms can change their type, i.e.,
that firms can adopt a new and more efficient abatement technology as a response to the
monitoring strategy announced by the regulator. In this paper, we allow for such a response from
firms, i.e., firms can make adoption decisions as a response to the enforcement strategy. In this

setting, we analyze the influence of targeted enforcement policies on aggregate emissions.

"With respect to the theoretical approach to study targeted enforcement strategies, Harrington (1988) develops a
dynamic repeated-game model of state-dependent enforcement of pollution standards. He shows how a
regulatory agency using such an enforcement strategy can create stronger incentives to comply than when using
a simple random monitoring strategy with fewer monitoring resources. Subsequent papers evaluate
Harrington’s results for social optimality (Harford 1991; Harford and Harrington 1991), evaluate the validity of
Harrington’s results under asymmetric information (Raymond 1999) and derive the optimal targeting scheme in
Harrington’s framework (Friesen 2003)



Particularly, we analyze how a regulator can use enforcement strategy to influence industry
composition in terms of high and low abatement cost firms and the effect of this strategy on

aggregate emissions.

The paper models the following interaction between a regulator and a set of firms. A
regulator who has as its objective to minimize aggregate emissions sets and announces a uniform
tax level per unit of pollutant released that firms should pay. The regulator establishes a self-
report requirement that asks the regulated firms to report their emission levels. However, since
the regulator cannot determine whether firms try to evade taxes by underreporting emissions, it is
necessary to implement costly monitoring. The regulator therefore chooses the probability of
monitoring firms based on firms’ adoption status of a new available and more efficient abatement
technology. The regulator sets and announces adopters’ and non-adopters’ monitoring
probabilities. Based on the tax level and their monitoring probabilities, firms make their adoption
decisions. After the adoption decisions have been made, firms decide on their actual and reported
emission levels. Finally, the regulator monitors adopters and non-adopters based on the

announced monitoring probabilities and imposes sanctions if non-compliance is detected.

The results of the model suggest that under uniform emission taxes, the rate of technology
adoption is influenced by adopters’ and non-adopters’ monitoring probabilities. In contrast to
previous literature, we find that, in some cases, a regulator whose objective is to minimize
aggregate emissions should exert a stronger monitoring pressure on firms with higher abatement
costs. A regulator aiming to stimulate technology adoption under a differentiated monitoring
scheme should decrease the monitoring probability of adopters and/or increase that of non-
adopters. This is good news for a regulator who wants to achieve a given level of aggregate
emissions but has political constraints on the level of the tax to be imposed. Such a regulator may
use a differentiated monitoring strategy that exerts a higher monitoring pressure on firms with
high abatement costs in order to induce technology adoption and therefore reduces aggregate

emissions for a given tax level.

The paper is organized in the logic of backwards induction. In our model, Section 2 presents
the firm’s optimal decisions on the actual and reported emission levels. Section 3 presents the

model of adoption of the new abatement technology and analyzes the impact of monitoring



strategy on rate of technology adoption. Section 4 studies the effects of a targeted monitoring
strategy on aggregate emissions. Section 5 presents the problem of a regulator who chooses her

monitoring strategy to minimize aggregate emissions. Finally, Section 6 concludes the paper.

2. The problem of the firm

Consider the following interaction between a regulator and a set of firms regulated by a

uniform tax on emissions.

Stage 1. Consider a competitive industry consisting of a continuum of firms A C[0,1] that
are risk-neutral and initially homogeneous in abatement costs.” In the absence of environmental
regulation, each firm emits a quantity e® of a homogeneous pollutant. The environmental
authority sets the aggregate emissions target E before the arrival of the new technology and
chooses a tax level t that firms are supposed to pay per unit of pollutant emitted. Since
regulators very often face political constraints with respect to tax level, in this model the tax level
chosen by the regulator does not necessarily coincide with the tax level that would be required to
achieve the aggregate emissions target. Firms decide on their emission level e and are required to
self-report their emissions. The quantity that is self-reported by the firm is denoted r. A firm
could try to evade a fraction of its tax responsibilities by reporting a lower level of emissions,
incurring in a violation given byv=e—r.

The regulator is unable to observe firms’ emissions without implementing costly monitoring.

In this model, the regulator has a fixed monitoring budget given by B, which is beyond its

control, and the cost of an audit is given by @ . Let 7, denote the probability that the regulator

audits an adopter and r,, the probability of monitoring a non-adopter firm. We assume that

these probabilities are common knowledge among firms before they make their adoption
decisions. Once the regulator monitors a firm, it is able to perfectly determine the firm’s

compliance status. If the monitoring reveals that the firm is non-compliant, it faces a penalty

2 This setting is close to that in Villegas and Coria (2009)
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given by ¢(v), where v is the level of the violation. This is a strictly convex function in the level
of violation with ¢'(v) >0;¢"(v) >0. For zero violation, the penalty is zero ¢(0)=0, but the
marginal penalty is greater than zero ¢'(0)=0. We assume that the regulator commits to its

policy announcement and does not modify the level of the environmental policy in response to
the availability of the new technology.

Stage 2. Firms respond to policy parameters by making two kinds of decisions: They decide
on extent of underreporting, which constitutes a continuous choice, and they make a dichotomous
choice on whether to adopt the new abatement technology. We assume that adoption decisions
made by firms are observable by the regulator. Let the abatement cost function of an individual
firm be denoted c(e), which is strictly convex and decreasing in emissions. A new and more
efficient technology arrives and firms must decide, after being informed about the vector of

monitoring probabilities (rz,, z,,), Whether or not to invest in the technology, and on actual and
reported emission levels. The new technology allows firms to abate emissions at a lower cost
oc(e), where 6 e (0,1) is a parameter that represents the drop in abatement cost by adopting the

new technology. After making the adoption decision, firms decide on actual and reported

emission levels.

Firms decide on their emission and report levels in order to minimize their total expected
costs subject to the fact that there are no economic incentives to over-report emissions since it
implies a higher tax payment. We assume that each firm chooses non-negative emissions and

report levels. Equation (1) displays the problem of the firms. For non-adopters, 6 =1

Min, .&c(e) +tr +zg(e—r)
st.e-r>0

1)



The Lagrange equation for (1) is ¢ =&(e)+tr +7z¢(e—r)+n[e—r] and the Kuhn-Tucker
conditions are®:

@ o) rape-r-n=0,
oe

(3) a—(p:t—7rgz5'(e—r)+77:0,
or

(4) a—(pzr—e20;7720;77[r—e]:0
on

If the report is interior, i.e., O0<r<e, from equations (2) and (3) the firm selects an

emission level that satisfies the following condition: &'(e)+t=0. This level coincides with the

one the firm would select under perfect monitoring €™, which corresponds to the minimum
emission level that the regulator can achieve with its enforcement policy. From equation (4), if

r—e>0, it follows that 7=0; and from equation (3), the report level selected by the firm is

given by t=zmp'(e™ —r). From the properties of the penalty function, we know that

mp'(0) < 7p' (e —r) < 7wp' (€) . This can be written as 7'(0) <t < 7' (e) .

If 7' (e) <t, the firm does not report any of its emissions r =0 and selects an emission

level such that &'(e")+mp'(e")=0. This implies —é&c'(e’)<t and therefore e >e™ . If
> m , the firm will make a truthful report of its emissions. Therefore, the solution is interior

if and only if mp'(0)<t<mp'(e™). If =0, the firm reports zero emissions which from

3 The first-order conditions are both necessary and sufficient since the second-order conditions are fulfilled:

62¢) 82(p 62(p 8240 62(p
——=&"(e)+m"'(e-r)>0—=mp"(e-r)>0; - =&"(e)m'"' (e—-r)>0
P (e) +7p"(e~T) o mg"(e—r) o % seor (e)7p"(e—r) |

8



equation (4) implies 7 =0. From equation (2), the firm will select an emission level such that

éc'(e) =0, which coincides with the initial emission level e°.

Following Macho-Stadler and Pérez-Castrillo (2006), previous results about the optimal
behavior of adopters and non-adopters of the new technology, summarized in Result 1, can be
represented as in Figure 1:

I II I v

\"\ : e;A = emf*
\.\.\ D < S - e; = ;nin*
ot M ot
NA ¢. (e;rzin A ¢. (e;mi” ) compliance ¢. (0)

Figure 1. Optimal behavior of adopters and non-adopters under uniform taxes.

We can divide Figure 1 into four regions as follows: In Region I, defined by the interval

(Oﬁ} both adopters and non-adopters report zero emissions, and their actual emission
eNA

levels are decreasing in monitoring probabilities. In Region Il, corresponding to the interval

{ t t J non-adopters make a positive report of their emissions while adopters

ACH IO

continue reporting zero emissions. In Region 111, defined by interval {

o J both
¢'en ) ¢'(0)
adopters and non-adopters make a positive report of their emissions but still under-report a

9



fraction of them. Finally, in Region 1V, i.e., {ﬁl} firms make a truthful report of their

emissions. In order to allow for perfect compliance to be a positive outcome, we assume that
t
¢'(0)

<1.

Result 1. For a given tax rate, monitoring probabilities ~,and z,,, and penalty function
#(v), the optimal actual and reported emission levels (e*,r*) of adopters and non-adopters of

the new technology are:

@ If 7, =z, =0, then e, =e,,=eand r, =r,, =0, where sub-indexes A and NA
represent adopters and non-adopters of the new abatement technology respectively.

(b) If 1z, s in Region 1, then e, <c(elr,e’) with ey, defined by
C'(enn) + uad (Ba) =0 and 1, =0.
If =, is in either Region 1 or IlI, then e, e(ey™,e°) with e, defined by
6C'(e,) + ¢ (ey)=0and r, =0

(c) If z,, is in either Region Il or IlI, then e,, =elx" with e;,defined by C'(ey,)+t=0
and
s defined by 7z,,8' (eya —fya) =t
If 7z, is in Region II1, then e, =e™" with e, defined by 6C'(e,)+t=0.

(d) If 7y, is in Region 1V, then ey, =ry, is defined by C'(ey,) + 7ya¢' (0) =0

If 7z, isinRegion IV, then e, =r, is defined by 6C'(e},) + 7,¢'(0) =0

10



Let us first analyze the results for the interval where both adopters and non-adopters make
_t
#'e") ¢'(0)

Region 111 in Figure 1. In this interval, each firm chooses its emissions such that the marginal

a positive report of their emissions, i.e., ﬂAAﬁNAE{ ] which corresponds to

abatement cost equals the tax rate c'(ey,)=€'(e,)=t, implying that the firms’ marginal
abatement costs are equal irrespective of adoption status. Given that & <(0,1), C'(e,) = &'(e,)

implies that e <el". The fact that ef"™ <el\ together with the properties of the penalty

function implies that the monitoring probability required for the firms to start making a positive
t

1 fAMmin* < Vamin*y C

#ena ) o)

This means that adopters of the new technology can afford a higher monitoring probability before

report of their emissions is higher for adopters than for non-adopters, i.e.,

they start making a positive report of their emissions.

Note that, as Harford (1978) first stated, if the monitoring probability is high enough to
guarantee positive reported emission levels, the actual emissions levels do not depend on the
parameters of the enforcement problem. Additionally, in Region Ill, the expected marginal cost

of violation is equalized among firms, i.e., z,¢'(€, —¥,) = 7\a®' (Exa —na) - IN this context, if the
regulator sets a targeted enforcement strategy such that firms that potentially pollute more are
audited with a higher probability, i.e., 7Za <7ua, it follows that Va>Vxa * Hence, if the

monitoring probabilities are high enough to guarantee positive reports of emissions of both
adopters and non-adopters, but not sufficient to guarantee perfect compliance, the violation size
of an adopter firm is higher than that of a non-adopter. The intuition is as follows. The marginal

benefit from violations is represented by the tax rate and is the same for adopters and non-

4 This is consistent with the empirical evidence that when targeted monitoring is used, regulators bias
monitoring efforts against firms with higher potential emissions. In a set of firms that differ only in abatement
costs, firms with high abatement costs have a higher level of potential emissions. Therefore, a regulator can
define its targeting monitoring strategy based on technology adoption status. Section 5 presents a formal analysis
of the convenience of this kind of targeted monitoring strategy from the regulator point of view.

11



adopters. The marginal cost of violating the regulation is given by the marginal expected
sanction. Given that the tax rate is independent of adoption status, the marginal expected benefit
is equal for adopters and non-adopters and so is the marginal expected cost of violation. Since the
monitoring probability of adopters is lower than that of non-adopters, adopters can afford a
higher fine for violation. A higher fine implies that the violation of adopters’ is higher than the

L t . . A
violation of non-adopters’. In contrast, when 7, A7y, =——, i.e., Region IV in Figure 1, the

¢'(0)
extent of violation of adopters and non-adopters equals zero since both types of firms truthfully

report their emissions.

If the monitoring probabilities of both adopters and non-adopters are in Region | in Figure

1,08, o ATy, e[oﬁj both types of firms report zero emissions and therefore their
eNA

extent of violation coincides with their level of emissions. In this interval, the level of emissions
is determined such that the marginal cost of abatement, which also represents the marginal
benefit from violation, equals the marginal expected marginal fine. In contrast to the other
intervals, in this interval the marginal benefit from violation is not necessarily equal between
adopters and non-adopters, and the extent of violation before adoption can therefore be higher
than, lower than, or equal to the extent of violation after adoption. It depends on the difference

between the monitoring probabilities =z, and 7z, as well as on the size of the parameter 4.

Result 2 follows from the previous analysis:

Result 2. For a given tax rate, a pair of adopters’ and non-adopters’ monitoring

probabilities and a penalty function ¢(v), the extent of violation v~ of adopters and non-
adopters of the new technology is:
@) If =, =m, =0 then v, =v,, =e’where sub-indexes A and NA represent adopters

and non-adopters of the new abatement technology respectively.
(b) If z, isinRegion I, then v, =¢,.

12



If 7z, is in Region I, then vy, =e;,.

(c) If z, isin Region II, then v, =e, and is defined by &'(e,) +7,4'(e,) =0.
If 7z, is in Region II, then vy, is defined by 7,,¢'(efn —rya) =t.

(d) If z, isin Region IlI, then v/, is defined by z,¢'(ef™ —r,) =t.
If 7z, is in Region I, then vy, is defined by 7,8 (efx —ry,) =t .

(e) If z, isinRegion IV, then v, =0.

If 7, is in Region IV, then v, =0.

3. The model of adoption

We assume that buying and installing the new technology implies a fixed cost that differs

among firms.” Let k denote the fixed cost of adoption for firm i, and assume that it is uniformly

distributed on the interval (k, k).

Let u,, and u, be firmi’s total expected costs of abatement and compliance when
using the current abatement technology (non-adoption) and new technology (adoption). Total
abatement costs of abatement and compliance are composed of the abatement costs, the tax
liabilities given the self-reported level of emissions, and the expected fines in case the firm is
caught under-reporting emissions. The savings in total expected cost of abatement and

compliance generated with adoption is given by s — - Any firm whose savings in total

> The assumption that adoption costs differ among firms is not new in the literature analyzing the effects of
choice of policy instruments on rate of adoption of new technologies. See for example Requate and Unold
(2001). On the other hand, Stoneman and Ireland (1983) point out that although most theoretical and empirical
literature on technological adoption focuses on the demand side alone, supply-side forces might be very
important explaining patterns of adoption in practice. Thus, for example, costs of acquiring new technology
might vary among firms due to firm characteristics, e.g., location and output, or because of competition among
suppliers of capital goods.

13



expected costs offsets its adoption cost will adopt the new technology®. In the continuum of firms
Ac[0,1], the marginal adopter is then identified by the arbitrage conditionlzi = Ly — My - HENCe,

the rate of firms A & [0,1] adopting the new technology is defined by the integral

A=| f(k)dk = F(Izi). From the definition of the uniform cumulative distribution of k, ~U (K,E)

[ —

it follows thatF(lZ):“W*iE_—“l(N_K, and the rate of technology adoption can be defined as

shown in equation (5) :’

(5) A=y (U _ﬂAi)_ge[oll], where l//:ﬁ and ¢ =yk.

The technology adoption rate is therefore a function of the shift in abatement costs €, the tax

level t, the enforcement policy reflected in the sanctions structure ¢, and the monitoring
probabilities 7z, and z,,: A(0,t,7,, wya @) . It is sufficient to keep track of the marginal

adopter’s optimal choices of emissions and reporting in order to derive the rate of adoption;

therefore, the subscript i is omitted hereafter. ®

® We assume that firms minimize their costs for any level of output, but do not treat the output decision
explicitly.

7 This follows Coria’s (2009) approach when analyzing the impacts of the interaction of multiple policy
instruments on technology adoption rate.

8 We assume that firms are initially homogeneous in terms of abatement costs. Nevertheless, the results still hold
in the case of heterogeneous abatement costs. For example, following Coria 2009b, we could have assumed that
firms’ current abatement costs are heterogeneous and that firms can be ordered according to their adoption
savings from the firm with the highest to the firm with the lowest current abatement cost. Therefore, the
arbitrage condition that states that for the marginal adopter the adoption savings offsets the adoption costs still
holds. In such a setting, and as is shown later, adopters will increase their abatement effort due to the
availability of the new technology and will reduce their demands for emissions.

14



To account for effects of targeted enforcement on the rate of technology adoption, we
calculate the expected costs of abatement and compliance for the marginal adopter before

adoption s, and after adoption x,and replace them in equation (6) to get:

(6) A= l/l{[c(eNA) - a:(eA)]"'t[rNA - rA]+ [7Z-NA¢(eNA - rNA) - 7TA¢(eA - rA)]}_ é’

The first term in brackets in (6) gives account of the savings on the abatement costs from
adopting the new technology. The second term in brackets accounts for the difference in payment
on reported emissions. The last term in brackets represents the difference in expected fines
between non-adoption and adoption status. Note that in the presence of targeted monitoring
policy, the rate of technology adoption under uniform taxes is a function of the monitoring
probabilities of adopters and non-adopters. This is in contrast to the case of uniform monitoring
probability where under uniform taxes the rate of technology adoption is not affected by
enforcement policy (Villegas and Coria, 2009).

Take partial derivatives of equation (6) with respect to z, and 7z, to get (see appendix A

for derivation):

oA
=yd(eya— ) 20
O \a
(7) a1
=—yh(e,—r,) <0
oy

When firms perfectly comply with the regulation, i.e., monitoring probabilities are in

Region IV in Figure 1, the size of the fine ¢(0) equals zero and, therefore, the rate of technology

adoption is not affected by changes in monitoring probabilities. The rate of technology adoption

increases in non-adopters’ monitoring probability when this probability is in Regions 1, 11, or IlI.

15



Analogously, the rate of technology adoption decreases in adopters’ monitoring probability when
this probability is in Regions I, 11, or 111.°

Result 3. Under uniform taxes and targeted enforcement, the adoption rate is increasing

in non-adopters’ monitoring if and only if 7, e{omj Analogously, the adoption rate is
decreasing in adopters’ monitoring probability if and only if 7z, € {Oﬁj

4. Targeted enforcement and aggregate emissions

Let us now study the influence of monitoring probabilities on aggregate emissions. The
aggregate emissions level E is the weighted average between emissions of adopters and non-
adopters, i.e., E=A(z,, 7yut,@)e, +[1-A(m,, 7yt ) eys. Taking the partial derivative of

aggregated emissions with respect to =z, i.e., & , yields :
Ta

(8) oE _ laeA N oA

or,  om, om, e el

v T/
Direct effect Indirect effect through
technologyadoptrionrate

The change in aggregate emissions from a change in adopters’ monitoring probability is
given by two effects, a direct effect and an indirect effect through technology adoption rate.
When adopters’ monitoring probability is in Region IV in Figure 1, both the direct and the
indirect effect are equal to zero and, thus, aggregate emissions do not change with adopters’

monitoring probability. When adopters’ monitoring probability is in Region Il in Figure 1, the

® Note that the conditions in (7) only hold for rate of technology adoptions such that A e (O,]_). When

monitoring probabilities are such that all the firms already adopted the new technology, an increase in non-
adopters’ monitoring probability does not change the rate of technology adoption. Analogously, if the rate of
technology adoption is zero, even if adopters’ monitoring probability is increased, it is not possible that the rate
of technology adoption goes down.

16



direct effect ﬂ.gﬂ equals zero and the indirect effect through technology adoption is increasing
T

in z,. Therefore, if the monitoring pressure is high enough for adopters to make a positive report
of their emissions, exerting a higher monitoring pressure on adopters will decrease the rate of
technology adoption, leading to a higher level of aggregate emissions. When adopters’
monitoring probability is in Region I, their emissions decrease with monitoring probability and,
therefore, the direct effect is decreasing in z,. In Region Il, a higher monitoring pressure on
adopters reduces the rate of technology adoption, which increases aggregate emissions; therefore,
the indirect effect through adoption rate is increasing inz,. In this region, aggregate emissions
are decreasing in adopters’ monitoring probability if and only if the direct effect offsets the

indirect effect. If adopters’ monitoring probability is in Region I, adopters’ emissions decrease

with monitoring probability. The indirect effect through the adoption rate ;i[eZ—e;A] is
A

decreasing in =z, if and only if [eZ—e:,A]>O. If we zoom in on Region I, as in Figure 2 and use

result 1 (b), we can derive the necessary conditions for [e;—e;A] to be positive. The two

. _a:l emin* - * . . "y .
necessary conditions are 7, < ﬁ and, for a given =, that satisfies such a condition, the
eNA
probability of non-adopters should satisfy 7z, > L(*e“) :
¢'(en)
A
e, .

) en

i i I: e*min

| | \ A

e |G A CY
Tae) N AT ey
¢ (eA) N :/' ¢ (eNA

v
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*

7
Figure 2. Necessary conditions for adopters’ emissions to be higher than non-adopters’

emissions in Region I.

Analogously, the effect of non-adopters” monitoring probability on aggregated emissions
is given by two effects as shown in equation (9).

oE oe O [+ =«
) =[1-a]—-+ [eA - eNA]
Oty O7tng Oy
Direct effect Indirecteffect through

technologyadoptrionrate

If non-adopters’ monitoring probability is in Region IV in Figure 1, aggregate emissions
do not change in non-adopters’ monitoring probability, since in this region both the direct effect
and the indirect effect equal zero. If non-adopters’ monitoring probability is in Region Il or 1ll,
the direct effect equals zero. In these regions, increasing non-adopters’ monitoring probability
leads to a higher adoption rate and, hence, lower aggregate emissions, i.e., the indirect effect

through the adoption rate 66/1 [e:\ —e,, | is decreasing in 7y,. When non-adopters’ monitoring

TN
probability is in Region I, the direct effect is decreasing in Zya and the indirect effect is

decreasing as long as [e;—e;A] is negative. Analogous to the previous case, if we zoom in on
Region 1, as in Figure 3, and use result 1(b), we can derive the necessary condition for [e; —e;A]
to be negative. For a given non-adopters’ monitoring probability, [e; —e;A]<O if

‘s _&'(fr*\m) '
#'(Ena)

*min
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__ &'(e;A)

=
¢I (eNA) \

TTNA

*min

v

Figure 3. Necessary conditions for adopters’ emissions to be lower than non-adopters’ emissions in
Region 1.

The analysis is summarized in Result 4 as follows:

Result 4. Under uniform taxes, aggregate emission level changes with adopters’ and
non-adopters’ monitoring probability as follows:

(@) If =, isinRegion I:

B <0 if either of following two conditions holds:
7 p

(a1) [e:\ —e:,A]> 0o

o OA [~ =« o€,
(a2) [eA—eNA]<O and —[eA—eNA <-A—4.
A TTp

%{—/ %/_/

Indirect effect through Direct effect

technologyadoptionrate

(b) If 7, isin Region II:

oE . o OA [ s oe,
——<0ifand only if —[eA—eNA <-1—A
TT o O, o7,

" —

Indirect effect through Direct effect

technologyadoptionrate
(c) If =, isin Region IlI:

ok _o e:\—e’,;A]>0.

Oy - Oy
(d) If z, isin Region IV:
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o _

or,

0.

(e) If =z, isin Region I:

< Oif either of following two conditions holds:
TN

(e1) [e:\ —e:,A]< 0,

(€2) If e} —e,|>0 and ;—i[e; —el,|<-fi-1]

NA

W
OTtya '

Indirect effect through
technologyadoptionrate

() If z,, is either in Region Il or in Region I1I:

B _ 04 [eZ—e;A]<0.
O7tyn  OTya

(9) If x, is in Region IV:
oOE

Oty

=0.

The results of the influence of monitoring probabilities on aggregate emissions bring a

5. The problem of the regulator

20

Direct effect

new element to the analysis. It considers the fact that under targeted monitoring, firms can change
their type by adopting a new abatement technology as a response to the monitoring pressure. By

this means, a regulator may influence the aggregated emissions using enforcement pressure.

In this section, we consider the optimal monitoring policy of a regulator whose only objective

is to minimize total emissions.'® The regulator decides on a pair of non-negative monitoring

probabilities 7, and 7, ,that minimize aggregated emissions E. The regulator is subject to a

10 This assumption is not new in the literature. See Macho-Stadler and Pérez-Castrillo (2006) and Garvie and
Keeler (1994).



monitoring budget constraint B and a rate of technology adoption that cannot be higher than one.
The problem of the regulator is:

Min A(7,, mya)€s + [1— A7y, ”NA)]eNA

T A TTNA

(10) st @z, A+am,[l-A]<B
A<1

The  Lagrange  equation  for  this  minimization  problem is given by
L=2e, +[1- Ay, + 7[B-@r, A —am,[1-A]|+7fl— 1] with the following Kuhn-Tucker

conditions:
(12) oL = oE +y —wﬂu—7rAwﬁ+7rNAwﬁ -7 04 <0; 7, 20; 7, oL =0
o, O, Oy 07y o7y T
(12)
L _E +7{—w[1—/1]—ﬁAwa—/1+7zNAw o }—77 o4 <0, mya20; 7y, oL =0
Oftyn  OTtya TNA OTtya 0Tty OTtya
oL
(13) a—=B—mAA—mNA[1—A]zo; 720,  y[B-am,A-wm,[1-1]]=0
Y
(14) %:[1—1]20; n>0; nfi-1]=0.

In order to solve the minimization problem, first it is necessary to establish which of the
possible combinations of z,and =z, constitutes the feasible set, i.e., which of the combinations
satisfies all the constraints (see appendix B for derivation). Once the feasible set is established, it
is necessary to study which of the solutions in the feasible set are dominated solutions, i.e., in

which of them aggregate emissions are definitely not minimized. Such an analysis is presented in
Table 1.
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From Table 1, combinations A, B, and D constitute the feasible set to solve the minimization
problem. However, by comparing aggregate emissions under combinations A, B, and D, it is
straightforward to see that combinations B and D are dominated by combination A.** Therefore,
the pair of adopters’ and non-adopters’ monitoring probabilities that minimize aggregate

emissions should satisfy the conditions in (15a) or in (15b):

(15a) EZI; and E:‘AZ; with  non-binding  restriction:

§ e cH

@A+ wﬂ;A[l—/’t]< B ’

(15b) EZI; and 7., >0 such that A=1 with non-binding restriction:

# e

@A+ wﬂ;A[l—/’t]< B _

Table 1. Solution to the problem of the regulator

Aggregate
emissions

E=1e, +[1- Ak

Combina 7[ ju Does this combination satisfy the
tion A NA restriction?

This combination satisfies the restrictions

min* min*
if . ECorrbinationA = ﬂeA + [1_ ﬂ’]eNA
1es ser t t min* . min*
A Positive Positive (a) A= T aminty and vy 2 T aminty ECorrbinationA < [eA 'eNA ]
¢ (en ¢ (Ena

with non-binding budget restriction,

or

. . . . min* . .
' There is one special case in which E pinaions = Ecompinaiona = Ena_ - Lt Tequires zero technology adoption

in combination A together with a 77, in either Region II, IIL, or IV.
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t

(b) Tp =— e and 7y, > O such
¢'(en
that A =1 with non-binding budget
g g
restriction.
. . . . . . mln* O
B Zero Positive This combmatlon.ah.ivays satisfies the Econpinations € [eN € ]
restrictions
C Positive Zero This combination never satisfies the
restrictions
This combination al isfies th —a0
D Zero Zero s combination always satisfies the ECombinaﬁonD =e

restrictions

The fact that in this model we do consider that the rate of technology adoption is a function of
the monitoring probabilities of adopters and non-adopters explains why the optimal monitoring
policy in the present paper is not guaranteed by the strict equality in conditions (15a) and (15b).
The intuition is as follows. Let us for a moment assume that the parameters of the rate of

technology adoption function are such that 1 <1 for all possible combinations (7zA,7zNA). In such

a scenario, condition (16b) is not feasible. Therefore, following condition (15a), a regulator who

* t . .. o .
sets 7, =———— can increase non-adopters’ monitoring probability to a level higher than

ACHD
—¢.( tmin* to increase the rate of technology adoption and, by this means, decrease aggregate
eNA
emissions'?. In a similar setting, Macho-Stadler and Pérez-Castrillo (2006) derive the optimal
monitoring policy of a regulator whose objective is to minimize aggregated emissions. They find
that adopters and non-adopters of the new abatement technology should be monitored with

probabilities 7z, S and 7y, :;. The fact that they do not consider that firms

# ) # )

can react to the monitoring probabilities by adopting a new abatement technology explains why,

> Oaslongas 7,

ot
O7ya ¢'(0) )
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in their model, monitoring non-adopters with a probability higher than =, =W does not
eNA

lead to a reduction in aggregate emissions. In my model, for certain sets of parameters it might

be optimal for a regulator to exert a pressure on non-adopters that is higher than that suggested by

their model, and, eventually, bias its strategy against firms that value pollution more, i.e.,

Top > 7y

6. Conclusion

A significant fraction of the literature on environmental regulation has been devoted to
studying how environmental policies should be and are enforced. Empirical studies have shown
that a suitable strategy for the regulator to deal with the budget constraints in the enforcement
activity is to target enforcement. Regulators can define a monitoring schedule for firms according
to their past compliance records or to their potential emissions. If firms face a targeted
enforcement strategy in which those with higher potential emissions are monitored more closely,
a plausible response may be to adopt a new and more efficient abatement technology that allows
them to reduce potential emissions and thus to avoid a more stringent monitoring pressure. Using
a conventional model of non-compliant firms in a setting of uniform taxes, we have analyzed the
effects of a targeted enforcement strategy on rate of technology adoption and aggregate emission

level.

The results suggest that, with a targeted enforcement strategy based on adoption status, a
regulator might stimulate or slow down the adoption of the new technology through monitoring
pressure on both types of firms when firms are non-compliant. An increase in non-adopters’
monitoring probability induces a higher rate of technology adoption while increasing adopters’

monitoring probability induces a lower rate of technology adoption.

In addition, we analyze the optimal strategy for a regulator whose objective is to minimize
aggregate emissions. In contrast to previous literature, we find that, for certain sets of parameters,
it might be optimal for a regulator to bias its monitoring strategy against those firms that value

pollution more.
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The interaction between technology adoption rate and targeted enforcement also has
consequences on aggregate emissions, and brings some issues to the policy arena. The model in
this paper considers that firms can adopt a new abatement technology as a response to the
monitoring probabilities set by the regulator. Therefore, the actions of the regulator in terms of
monitoring probabilities have consequences on the aggregate emission level through the rate of
technology adoption. If the regulator increases the monitoring probability of non-adopters, the
rate of technology adoption increases, causing an additional deterrent effect on aggregate
emissions. In this setting, a regulator who instead focuses its monitoring efforts on adopters of the
new technology slows down the spread of the new abatement technology and faces a higher level
of aggregate emissions than achieved with the opposite enforcement policy. The fact that the
technology adoption rate is influenced by monitoring strategy is good news for a regulator who
wants to achieve a given level of aggregate emissions but has political constraints on the level of
the tax to be imposed. Such a regulator may use a differentiated monitoring strategy to induce
technology adoption and therefore to reduce aggregate emissions for a given politically feasible
tax level. Consequently, targeted monitoring strategies should not be ruled out as a plausible
enforcement policy if the interaction between monitoring probabilities and technology adoption is

taken into consideration.
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Appendix A
The rate of technology adoption under uniform taxes is given by:
(Al)

A = yle(e, (1) — Ge(e, )]+ wtrya (t, s, F) —tra(t, 7, F) [+ wlm F (vVa) = 7, F (V)] - ¢

Taking the partial derivative of 1™ with respect to adopters’ monitoring probability

yields:
TAX
o = {_tﬂ_ﬂAFI(VA) ) —F(v,)
(A2) o, o, o,
o . . , oV, or, N
Taking into consideration that z,F'(v,) =t and =— and rewriting:
Oy Oy
8/1TAX
P =—yk (VA)
(A3) Y%A .

Analogously, taking the partial derivative of A™ with respect to non-adopters’

monitoring probability yields:

oA or , ov
[t HA + 7w F ' (Vya) P A+ F(VNA)}

(Ad) Oy O ya 7N
o . . . _ Ny Olya N
Taking into consideration that 7z, F'(vy,) =t and =— and rewriting:
4V O ya
aﬂ’TAX
P =yF (VNA)
(A5)  9na .
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Appendix B

The problem of the regulator is to minimize aggregate emissions subject to a
budget constraint. Aggregate emissions are given by the weighted average between
adopters’ and non-adopters’ emissions where the weights are given by the fraction of

firms that adopt the new technology and the fraction that do not.

Min A(7,, ya)en + [1— A7 a, ”NA)]eNA

T A TTNA

sit.
THNA+ By [L- 1)< B
<1

The Lagrange equation for this minimization problem is given by:

L=Je, +[1- Ay, + 7[B— o A — o [1- A]]+ n[l— 4]

The Kuhn-Tucker conditions are as follows:

(B1)
o _E +y —zU/I—7rAzU—2'+7zNAZUﬁ -n o4 <0; 7y 20; T o o =0
or, Orm, A Oy oy o7,
(B2)
o __cE +7{—w[l—/1]—7rAw 2z + T\ \T 2 }—77 O <0; ma20; A oL =0
O7typ Oy, NA O7tya O7tya Oy,

(B3)

%IB—ZDVTAE—ZD?Z'NA[].—E]Z 0; y=0; y[B-@r, A —ar,[1-1]]=0

oy

—=[f-2]20; n=0;  y[i-4]=0
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In order to obtain the feasible set of solutions, let us now explore the different
possible combinations of 7, and x,, that are candidate solutions to the minimization
problem.

CASE A. Letusassume 7, >0 and 7z, >0

From (B1):
(BS) ZaeA +eAﬁ—eNAﬁ+y e N Z + T\ o |_, 4 =0
T TTa o7y A Oy Oy
From (B2):
(B6)
[1- 4] o +e, o4 —€\a O +y —w[l—/l]—ﬂAwﬁ+7zNAw o |_, 2% =0
O7ya O7ya Oy 7TNA O7ya Oy
- oA .
Multiplying (B5) by yields:
OTTya
(B7)
2% e, e ] 5/1} ., O {—wﬂ—ﬂ,@ O\ 8/1}_77 oA oA _,
TT o O, | Oy, Oy TT o o7y Ot OTty
o oL .
Multiplying (B6) by yields:
or,
(B8)

{[1—2] s +[es —ey] o } oz +y o {—w[l—ﬂ]—ﬂAw—(u + T\ 2 }— 04 04 _

- NAJ@ﬂNA O,  Om, NA OTT\a 7787Z'NA o7,

Substracting (B8) from (B7) yields:
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(B9)

ﬂ,aeA o4 ~[1-2] B OF _, O {w/l+w o4 [ﬂA—ﬁNA]}+]/ 2 {w[l—/lhw o4 [ﬂA—ﬂ'NA]:|:O
Ot Oy Oftyp Oy~ Oy, T o7, TTNA
CASE Al. Assuming y =0, i.e., the budget is not binding, from (B9) implies:
(B9a) iaeiA 04 _[ —/I] Oea ﬂzo.
07, Oty Oty O
Condition (B9a) only holds when A ®y 9% _g and —[1—/1]%ﬁ =0. Table Al
O, O\ Oty O

presents the conditions under which each of these two equalities hold:
Table Al.

ﬂaeA 04 =0 _[1_,1]%ﬂ=0
O, O\ O7\p 07y

if one of the following two conditions holds:

if one of the following three conditions holds:

t
(a) . Itrequires: 7, > ——0r-
”A " ¢'(en
t
(b) . Itrequires: 7, > ——
0y 40

cA1=1
oe
d)—™A =0. It requires: >
( )a”NA | w2 ¢( e
t
(e) . Itrequires: 7, >——
7 " 400

The following combinations of conditions in Table Al satisfy condition (B9a): (a)-(c);
(a)-(d); (a)-(e); (b)-(c); (b)-(d); (b)-(e). However, the following sets of combinations yield

to the same conditions:

Combination (b)-(c) and combination (a)-(e)

Combination (b)-(c), combination (b)-(a), and combination (b)-(d).

Therefore, the following are the required combinations to fulfill condition (B9a):
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(i) Ty tmm* and 7, >0 such that 2=1. We know that o <0
¢'(ea 7 A
and it therefore is enough to monitor with 7, = t Under this

FErm)’

combination, aggregate emissions are E =e™"

(ii) Ty tmm* and 7, > e . We know that %50, and it is
¢'(e, ¢( ) T
therefore enough to monitor with 7z, = ¢( ————. Under this

combination, aggregate emissions are E = ™" +[1— AT

(i) 7, zﬁ and 7, >0. Under this condition, aggregate emissions
are E=2e0" +[1- 1k,
(ivy  my=—— and 7, >0. Under this condition, aggregate emissions

¢( )
are E=Je, +[1- )0

Comparing aggregate emissions under combinations (i)-(iv), it is straightforward
to observe that alternatives (iii) and (iv) are dominated by alternatives (i) and (ii).
Combinations (i) and (ii) are therefore feasible solutions to the minimization problem. In
both combinations, since we are assuming that the budget is not binding, it should hold
that @z, A+ @y, [l— A < B

Let us now analyze the case when the budget is binding:

CASE A2. Assuming y >0, i.e., the budget is binding, from (B9) implies:

(BOb) ;%8 O n /ﬂaeNA LI S N 2

O, Oty aﬁNA Oy Oy 07
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oe,  OBya

Or, Oy

When =0, for condition (B9b) to hold it is required that A >1, which
contradicts one of the restrictions.

When A <0 and P
TT o Oty

=0, for condition (B9b) to hold it is required that 1>1

which contradicts one of the restrictions.

e, =0 and %<0, for condition (B9b) to hold it is required that A >1
T o Oty ’

When

which contradicts one of the restrictions.

When 08, <0 and %<0, for condition (B9b) to hold it is required that one of the

T Ot \a

following conditions holds:

(i) 2>1 which contradicts one of the restrictions.

(i) 7y, 2; and 7, >0 such that A =1. Under this combination, aggregate

¢'(0)

emissions are E =¢,,

(i) 7z, ZL and z,, >0 such that A =0. Under this combination aggregate

¢'(0)

emissions are E =eg,

Clearly, combinations (i) and (ii) are dominated by the feasible combinations

when the budget is not binding.

CASE B. Letusassume 7, =0 and 7, >0

From (B1):
(B10) laeA +e, O —€\a O +y| —wA— 7@ L =0
o7, O, o7, o7, Oy
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From (B2):

(B1D) 7] ey, 2 e, O +7{—w[1—/1]—7rNAwaaﬂ }n ? o
A

7TNA Aa7[NA 7N 7TNA O\
I oA . .
Multiplying (B10) by yields:
OTTya
(B12) iae—A+[eA—eNA] 01 | 04 + o4 — @A+ T\ @ o -7 or oA <0
O, Oy |0y = Omya o7, OTt OTtya
I or . ...
Multiplying (B11) by yields:
or,
(B13):
{[1_/1] % [, g |0 } 0% ., O {_w[l_i]mmw oA }—n oA o1 _,
TT\A Ontya |0, = Om, TT\A OTtyp OTT 5

Subtracting (B13) from (B12) yields:

B14) 2 Lx Ot ;1% O —m{ Oh , 04 [1—1]}0

75 OTCya OTtyp O Ortyy Oy

CASE B1. Assuming y =0, i.e., the budget is not binding, from (B14) implies:

86A oA _[ _l]aeNAﬁ

7T OTCya OTtyp O

(Bl4a) A <0

Condition (B14a) holds for all 7, >0.

CASE B2. Assuming y >0, i.e., the budget is binding, from (B14) implies:

(BL4b) 128*\ 88’1 B ) L N yw{aa’1 P [1—/1]}

A O7Tna OTtyp O, A OT
Condition (B14b) holds for all =, >0.
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CASE C. Letusassume 7, >0 and =, =0

From (B1):
B15) 1 Ba e Ot o Ot ) it |t o
o7, o7, o7, A Oy
From (B2):
(B16)[1- 4] i +e, o —€yn o +7{—w[l—/1]—7zAw o }— 2 <o
TN O7ya Oy O7yn O7yn
s oL . ..
Multiplying (B15) by yields:
7TNA
(B17) iaeA e, —ey] oA | 04 ry oA - oA _n oA 04 0
o7, O, |0y ~ Omya o7, Ot OTT\
o oA . ..
Multiplying (B16) by yields:
or,
(B18)
[1_2’] 8eA +[eA_eNA] oA oA +y oA —w[l—),]—ﬁAZD' oA _n oA 04 <0
OTtya Oty |07y o7y NA OTtyp OTC

Substracting (B17) from (B18) yields:

B19) —2 B 04 p_ 1 %wm 04 ) A 415 0
T OTCy\a OTtyp O T OTT\a

Condition (B19) never holds.

CASE D. Letusassume 7, =0 and 7, =0
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Given that adopters and non-adopters emit at e® when z, =0 and 7, =0, this

combination is not a good candidate to minimize aggregate emissions.
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