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effective for the regulator to induce perfect compliance in cap and trade programs. These
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firms to emit any desired level with different combinations of the number of permits

supplied to the market and the monitoring probability, assuming that firms are expected

profits maximizers. In this paper we test this hypothesis with a series of laboratory

experiments. Our results suggest that firms may behave significantly different from what

these models predict precisely when the different combinations of the supply of permits and

the monitoring probability induce compliance versus non-compliance. More specifically, by

allowing non-compliance in a manner consistent with theory, the regulator could produce a

decrease in emissions and an increase in the market price of tradable permits that is not

predicted by the theoretical models. The implications for the cost-effective design of

environmental policy are discussed.
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1. Introduction

Cost-effectiveness is an important criterion for policy design in the environmental

economics literature. Notwithstanding, this literature has only recently began to study the

cost-effective design of environmental policy when not only abatement but also enforcement

costs are included in the calculations. When considering enforcement costs, a relevant issue

for the regulator is whether or not it is cost-effective to induce perfect compliance. More

precisely, the question is the following: If a regulator wants to cap the aggregate level of

emissions from a set of n firms at a certain level Q, what would be cheaper: to set the legal

cap at Q and perfectly enforce the program, or to set the legal cap at a lower level, but allow

violations such that the aggregate level of emissions is Q? Stranlund (Stranlund 2007) was

the first to address this question for the case of a cap and trade program. Because in both

alternatives each individual firm emits the same amount, the differences in costs between the

two alternatives is given by the difference in monitoring and sanctioning costs borne by the

regulator. Stranlund (Stranlund 2007) shows that: (a) this difference depends on the fine

structure, and (b) inducing perfect compliance with a marginal penalty tied to the

equilibrium price of permits minimizes the total expected costs of pollution control program.

Arguedas (2008) proved that these conclusions are extendable for the case of a single firm

confronted to an emission standard. Finally, Caffera and Chávez (Caffera and Chávez 2011)

proved that these conclusions are also valid for the case in which a regulator caps the

emissions of n firms with emission standards and when not only abatement but also

monitoring and sanctioning costs differ between firms. They also compare the total cost of a

cap and trade program with that of an expected-cost-minimizing allocation of abatement

responsibilities (emission standards) and monitoring probabilities. They do it for the case in

which it is cost-effective for the regulator to induce perfect compliance, and for the case in

which it is not. Their results show that: (a) when it is cost-effective to induce perfect
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compliance, a cap and trade program minimizes the total cost of capping aggregate

emissions only if monitoring costs are the same across firms or the marginal penalty for

violations is constant, and (b) when it is not cost-effective to induce perfect compliance, the

conditions under which a cap and trade program minimizes total costs are implausible.

A fundamental aspect for the comparison of the cost of inducing perfect compliance

versus the cost of allowing violations in these works is the possibility that a perfectly

informed regulator has to induce each individual firm to emit a given desired level of

pollution with different combinations of the aggregate supply of emission permits (or the

level of emission standards) and the monitoring probability. In this paper, we present the

results of a series of laboratory experiments designed to test this possibility.

The theoretical complementarity of inspections and emission permits as leverages for

capping emissions has not been previously examined in the experimental literature. Among

the  aspects of the enforcement of cap and trade systems and emissions standards that have

been previously examined in the experimental literature are: the existence and extent of a

direct and indirect (through the permit price) effect of enforcement on emissions trading

programs (Murphy and Stranlund 2006), the possibility of targeting enforcement in

emissions trading programs and emissions standards programs (Murphy and Stranlund

2007), the effect of environmental framing (Cason and Raymond 2010), the perception of

policy fairness as driver of the subjects’ truthfulness in emissions reports and compliance

behavior (Raymond and Cason 2011), and the level of violations, emissions, and prices of

permits in the context of dynamic enforcement, banking and random emissions shocks

(Cason and Gangadharan 2006).

The set of the different combinations of the aggregate supply of permits (or emission

standards) and the monitoring probability to which the firms respond with the same level of

emissions are derived from the standard models on which the economic theory of enforcing
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pollution control policy is based. In these, the firms are assumed to be expected profit

maximizers. In our experiments, we compare the behavior of firms when the regulator

induces perfect compliance and when it induces the same level of emissions as in the perfect

compliance case, but allowing a certain level of violations. We do this for two different

regulatory programs, cap and trade and emissions standards. In both programs, the desired

levels of emissions are induced cost-effectively, i.e.: setting the monitoring probability

arbitrarily close to the minimum possible level that induces the desired level of emissions.

Contrary to what the standard theoretical models predict, the results of our

experiments suggest that firms may behave significantly different when confronted to a

combination of supply of permits and monitoring probability that induces them to comply, as

compared to the case in which they are confronted to a pair of supply of permits and

monitoring probability that induces expected profit maximizers to emit the same of

emissions, but violating their permits holding. More specifically, by inducing non-

compliance in a manner consistent with theoretical recommendations, the regulator could

produce a non-sought significant decrease in emissions and increase in the market price of

tradable permits.

In the case of tradable permits, on average, the aggregate level of emissions is 10.5%

higher than the cap when the regulator induces compliance, and it is 12.5% lower than the

cap when it induces violations. In the case of emissions standards, the average aggregate

level of emissions is 13.5% higher than the cap when it induces compliance, but about the

same level predicted by the model based on rational, risk-neutral agents when the regulator

induces violations (1.5% lower than the cap).

According to these results, given a penalty function, a regulator needs a higher

monitoring probability than that predicted by the conventional theory to actually induce

perfect compliance in a cap and trade scheme or an emission standards scheme.
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Interestingly, at the same time, for a given decrease in the supply of permits, a regulator

could actually decrease the monitoring probability more than what is suggested by the

conventional theory if the objective is to induce the same level of emissions as in the perfect

compliance case, but allowing non-compliance. In terms of cost-effectiveness, this means

that the regulator could save more monitoring costs than those predicted by the conventional

theoretical models by allowing non-compliance in the case of tradable permits. In other

words, allowing non-compliance in tradable permits could be more convenient in terms of

the cost-savings in the real world than in the theoretical world of profit-maximizing, risk

neutral agents.

The paper is organized as follows. In section 2, we present the main hypotheses we

want to evaluate with our laboratory experiments. Section 3 contains a description of the

experimental design and procedures. Section 4 presents the results. Finally, in Section 5, we

put forward concluding remarks from our work.

2. Hypotheses

In this section we present the main hypotheses that we evaluate with our laboratory

experiments. The conceptual models from which our hypotheses are derived are presented in

the section 1 of Online Appendix.1 These follow directly from the works of Stranlund

(Stranlund 2007), Arguedas (Aguedas 2008) and Caffera and Chávez (Caffera and Chávez

2011).

Assume a cost-minimizing regulator with perfect information about the marginal

benefits that each of the regulated firms derive from pollution. This regulator is interested in

capping the aggregate emissions of these firms at a level E. To enforce this cap, the regulator

inspects firms with a predetermined probability, , which is known by the firms. If an

1 The Online Appendix is available at
http://www2.um.edu.uy/marcaffera/investigacion/OnlineAppendix_Paper_1_ BEJEAP.pdf
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inspection discovers a violation, the firm is fined with a monetary fine f, which is an

increasing function of the units of emissions in excess of the legal level. We consider two

policy instruments: tradable pollution permits and emission standards. Our first hypothesis

concerns the case in which the regulator chooses to implement a system of tradable pollution

permits.

Hypothesis 1: Assume that, given a penalty function f, a regulator induces perfect

compliance in a system of tradable pollution permits ( = ) by auditing each of the

polluting firms with a pre-determined probability . Then, this regulator can induce the

same level of individual emissions that induces in this case of perfect enforcement by varying

the aggregate supply of permits and the monitoring probability according to = > 0,
where and are the first and the second order derivative of the penalty function and

is the number of regulated firms.

Our second hypothesis concerns a system of emission standards. In this case, the

leverages by which the regulator can induce compliance or allow violations such that the

level of emissions of each individual firm remains constant are the emission standard set for

firm i ( ) and the probability that the firm i faces of receiving an inspection ( ).
Hypothesis 2: Assume that, given a penalty function f, a regulator induces perfect

compliance in a system of emission standards (∑ = ) by auditing each of the

polluting firms with a pre-determined probability . Then, this regulator can induce the

same level of individual emissions that induces in this case of perfect enforcement by varying

the individual emission standards and the monitoring probability according to = >0.
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3. Experimental Design and Procedures

3.1. Experimental Design

We framed the experiments as a neutral production decision of an unspecified fictitious good

q, from which the subjects obtained benefits. Every subject had a production capacity of 10

units (whole numbers), but the production of these units did not derive the same benefits for

every subject. Each subject had one of four possible marginal benefits (obtained from (Cason

and Gangadharan 2006)), which gave place to four “types” of subjects. The four marginal

benefits are depicted in Table A.1 of the Online Appendix. These schedules of marginal

benefits were the same through all the experiments and were randomly assigned between

subjects.

3.1.1. Tradable permits

In the permits experiments, subjects had to possess a permit in order to be legally

able to produce one unit of the good. Consequently, subjects had to decide how much to

produce of the fictitious good and how many permits to buy or sell. In order to buy or sell

permits, subjects participated in a double-auction market, one permit at a time. A market was

formed by 8 subjects, 2 of each type. After their decision, at the end of each period, the

subjects were audited with a known homogeneous predetermined and exogenous

probability . If audited, the number of units produced by the subject i in that period ( )
was compared with the number of permits possessed by the subject i ( ) at the end of the

period. If the level of production chosen was higher than the number of permits possessed,

the subject was automatically fined according to a penalty function of the form ( ) =+ ( /2) , with φ > 0 and γ > 0. We use this fine structure, which implies an

increasing marginal fine ′( ) = + , because it is never optimal to induce or allow

violations when the marginal fine is constant, as we know from the previously cited
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literature. Arguedas (Aguedas 2008) calls the parameter the linear component of the fine

and the parameter the gravity component. The subjects had the information on the

probability of inspection that they faced and on the marginal fine for every level of violation

in their screens at every moment before making their decisions.

We constructed 2 treatments for the case of markets for permits (see Table 2). In

Treatment M1, the total number of tradable permits supplied to each group of 8 subjects was

40. The initial allocation was 4 permits for subjects of type 1 and 2, the prospective buyers,

and 6 permits for subjects of type 3 and 4, the prospective sellers. We chose this initial

allocation of permits as opposed to a homogeneous allocation (5 each) as a way to foster the

market activity (the number of expected trades is 10).2 The enforcement parameters took the

values = 100, = 66,67 and = 0.6. This probability is sufficient to induce all types of

firms to comply with their permit holdings under the assumption of risk-neutrality.3 The

resulting perfect-compliance equilibrium price of the market is expected to be between 74

experimental pesos (E$) and E$ 80. In contrast, Treatment M2 induces violations of the

permits holdings. This is done by decreasing the total number of permits supplied to 20

(initial allocations and expected number of trades halved) and by decreasing the monitoring

probability from 0.6 to 0.30. With this parameterization, under the assumption of expected-

profit-maximization, the Treatment M2 induces the same equilibrium price of permits and

individual level of emissions as the treatment M1 does.4 Hence, the expected level of

aggregate emissions remains in 40 units. This is a unique feature of our design. Another

unique feature of our design is that each subject participates in both the M1 and M2

treatments.

2 The theoretical predictions for our experiments are included in Section 2 of the Online Appendix.
3 It also induces compliance for the risk averse individuals (Stranlund, 2008). We deal with risk-aversion in
Section 4.
4 We call “emissions” the output chosen by the subjects although, as we have already mentioned, we framed the
experiment as a neutral production decision.
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3.1.2. Standards

In the standards experiments subjects faced a maximum allowable level of production (the

standard), and had to decide how much to produce. The auditing procedure was exactly the

same as in the case of tradable permits; except that in the case of standards a violation is

defined as − > 0, where is legal maximum level of production (the standard) set for

type i firms. Similarly to the case of tradable permits, we constructed 2 treatments for the

case of emission standards. These are labeled S1 and S2 in Table 2. In treatment S1, the

emission standards are 7, 6, 4 and 3 for firms’ types 1 to 4, respectively. The monitoring

probabilities are 0.6, 0.65, 0.63 and 0.66 (violations are fined with the same penalty function;= 100 and = 66,67). This policy induces compliance for expected-profit maximizing

subjects, so the expected aggregate level of production is 40 units in a group of 8 subjects. In

Treatment S2, the standards are decreased for every type of subject, so that the aggregate cap

of emissions is 20, but monitoring probabilities are decreased so as to keep the predicted

level of emissions at 40 units, the same level as in Treatment S1. Therefore, Treatment S2

induces violations.
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Table 2: Treatments

Treatment Regulation

Monitoring Probability
by firm´s type

Fine parameter
values

Policy
Induces

Number of
tradable
permits

supplied /
Aggregate
Standard

Equilibrium
price /

Emission
standards

Expected
Aggregate

level of
emissions

Type
1

Type
2

Type
3

Type
4

Phi
(φ)

Gamma
(γ)

M1 Tradable
Permits

0.60 0.60 0.60 0.60

100 66.66

Compliance 40
80 - 74

40

M2 0.30 0.30 0.30 0.30 Violations 20

S1

Standards

0.60 0.65 0.63 0.66 Compliance 40

Type 1 = 7
Type 2 = 6
Type 3 = 4
Type 4 = 3

S2 0.24 0.26 0.32 0.32 Violations 20

Type 1 = 4
Type 2 = 3
Type 3 = 2
Type 4 = 1
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3.2. Experimental Procedures

The experiments were programmed and conducted with the software z-Tree (Fischbacher

2007) in a computer laboratory at the University of Montevideo. Participants were recruited

from the undergrad student population of the University of Montevideo, the University of

the Republic, the Catholic University and ORT University; all in the city of Montevideo,

Uruguay. We organized the experiments in tradable permits sessions and standards

sessions. A tradable permits experimental session consisted of 20 rounds, during which the

subjects played 10 rounds of each of the two market treatments (M1 and M2). A standards

session consisted of 20 rounds during which the subjects played 10 rounds of each of the

two standards treatments (S1 and S2). The order of the M-treatments as well as of the S-

treatments was varied, such that half the subjects played the compliance treatment first, and

half played the violation treatment first.

Subjects participating in a permit or standards session were randomly assigned into

groups of 8 individuals.5 Each eight-subject-group comprised a permits market or a group

of firms regulated by the same set of standards.

Before the beginning of the experiments, instructions were handed out to subjects.

The instructions (see Online Appendix, Section 3) were read aloud and questions were

answered. Prior to the first round of the first treatment, subjects played 2 trial rounds of the

first treatment in the standards sessions, and 3 trial rounds of the first treatment in the

permits sessions. In the standards sessions each period lasted 2 minutes. In the permits

5 The number of subjects showing up for a session was not always multiple of 8. This was not a problem in
the standards experiments because in these experiments the subjects do not relate with each other in any form.
In the case of market treatments we selected the subjects by order of arrival, completing groups of eight
subjects. Excess subjects were paid the show-up fee.
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sessions each period lasted 5 minutes, to give subjects time to make their bids, asks, and to

decide how many units to produce and how many permits to buy or sell.

After all subjects in the group had made their decision, the computer program

automatically produced a random number between 0 and 1 for each subject. If this number

was below the informed probability of being monitored, the subject was inspected, as

explained in the instructions. Subjects were informed in their screen whether they had been

selected for inspection or not, and the result of the inspection (violation level, total fine and

net profits after inspection). After this, subjects were informed in their screen the history of

their decisions in the game, the history of inspections and the history of profits, up to the

last period just played. After 20 seconds in this screen, the next period began automatically.

At the end of each session we conducted a questionnaire to gather some basic socio-

economic and attitudinal characteristics of the subjects. One of these characteristics was the

subjects’ level of risk-aversion. To elicit this, as part of the questionnaire we conducted a

Holt and Laury (Holt and Laury 2002) type of test. In this test, the subjects were confronted

to 10 choices between a certain amount of money (labelled Option A, equal to US$ 40, and

fixed across the 10 choices) and a lottery (labelled Option B). In the lottery subjects could

earn either US$ 15 or US$ 65. The probability of winning the higher prize varied from 0.1

to 1 between choice 1 and 10. Our measure of risk aversion is the number of the choice in

which the subject switches to Option B. It then varies between 1 and 10, with 10 being the

highest value of risk aversion. (In the tenth choice the higher prize of the lottery, higher

than the certain amount in option A, has a probability equal to 1, so every subject should

choose the lottery in the 10th choice). A risk neutral subject should switch from option A

(the certain amount) to option B (the lottery) in the 5th or 6th choice. We informed the

subjects that after completing the questionnaire, one subject was going to be chosen from
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the pool of subjects in the room and that she was going to be paid according to her

decisions in the Holt and Laury choices by drawing a number between 1 and 10 from an

urn. If the subject selected the lottery in the drawn choice, the lottery was conducted with

the corresponding probabilities in the form of colored balls in an urn.

Overall, sessions lasted between 2 and 2.5 hours. Subjects were paid the equivalent

to 7 US$ for showing up on time and earned more money from their participation in the

experiment.6 The exchange rate between the experimental and Uruguayan pesos was set in

order to produce an average expected payment for the participation in the experiment that

was similar to what an advanced student could earn in the market for two hours of work.

Total payments ranged between US$ 30 and US$ 5 in the standards sessions, with a mean

value of US$ 19, a median of US$ 18 and a standard deviation of US$ 4. For the case of the

tradable permits sessions, payments ranged between US$ 23 and US$ 7, with a mean value

of US$ 20, a median of US$ 20 and a standard deviation of US$ 2.

A total of 96 subjects participated in 5 permits sessions, comprising a total number

of 12 eight-subject groups. Each of these groups played one M1 and one M2 treatment. We

therefore ran a total of 12 M1 treatments and 12 M2 treatments. A total of 61 subjects

participated in 2 standards sessions, enough number to complete 7 eight-subject groups.

Each of these groups played one S1 and one S2 treatment. We therefore ran a total number

of 7 S1 treatments and 7 S2 treatments. We allowed participation of a reduced number of

subjects in multiple sessions because we had a thin pool. In the market experiments, 12

subjects participated two times and 2 subjects three times. In the case of standards, one

subject participated two times. If we do not count repeating subjects, therefore, the number

6 In the first session we paid a show up fee of US$ 5.
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of different subjects that participated in the market experiments is 80; and 60 in the

standards experiments.7

4. Results

In this section we present the results of our work. We present the outcomes of the permits

experiments first and then those of the standards experiments.

4.1. Overall results of the market experiments

Table 3 presents the summary statistics of key variables in the market experiments with the

values that theory predicts for the case of cost-minimizing, risk-neutral agents. It can be

seen first that the average price of permits traded in the treatment M1 (E$ 80.3) is

approximately within the predicted range of [E$ 74, E$ 80]. On the contrary, the average

price of permits traded for the treatment M2 (the violation treatment) is E$ 104.3, above the

predicted range.

A second result that can be observed in Table 3 is that the mean levels of violations

are within zero and one unit for the four types of firms in the compliance treatment. This

result is in line with the literature. Other authors have obtained positive average violations

in treatments that induce compliance in theory before. (See for example: (Murphy and

Stranlund 2006), (Murphy and Stranlund 2007), (Stranlund et al. 2011), (Stranlund et al.

2013). (Cason and Gangadharan 2006) do not present descriptive statistics for levels of

violations). However, although the mode of violations is zero for the four types of firms as

7 In the case of standards, each of these 60 subjects provides and independent set of observations, because
subjects in the standards experiments do not interact with each other. In the case of the tradable permits
experiments, because the individuals in the market interact with each other buying or selling permits, the unit
of observation is the market. Nevertheless, because of our thin sample (12 markets), and because the feature
of repeating subjects, we also test our hypothesis by treating the sample as an unbalanced panel of 80
subjects.
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in the other studies, the overall compliance rate (66%) is lower than in the case of Stranlund

et al. (2011) (we find no other paper that reported the compliance rate). The difference may

be explained by differences in design. While Stranlund et al. (Stranlund et al. 2011)

decided to “over-enforce” in their perfect-compliance treatment, we do not. On the

contrary, we set the expected marginal penalty arbitrarily small enough to induce

compliance because we are interested in comparing the cost-effective designs of the

pollution control programs. Notwithstanding this difference, 90% of violations are zero or

one unit violations in our case. Moreover, 37.5% of the subjects complied in every round,

81.3% of the subjects had an average violation level equal to 1 or less, and 98% had an

average violation of 1.7 or less.8

In the treatment M1 we can note further that although, on average, emissions are

lower than predicted for firms of type 1 and are higher than predicted for firms of type 2, 3

and 4, the modal behavior is consistent with the theory. As for permit holdings, these are

higher than predicted for the firms of types 3 and 4 (the net sellers) and are lower than

predicted for firms of type 1 and 2 (the net buyers), but again the modal behavior is

consistent with theory.

8 Six subjects went bankrupt in the market experiments; five were net expected buyers of permits, five were
emitting the maximum level of emissions (10 units) when they were caught and went bankrupt, five went
bankrupt in the treatment that induced violations, and three went bankrupt in the first treatment played (these
were allowed to play the second treatment starting with the initial endowment). By design, bankruptcy was
not possible in the permits experiments if every subject behaved as an expected profit-maximizer. Moreover,
subjects received an initial endowment at the beginning of each treatment. This endowment was conceived as
a source of funding for the subjects in the case they experience losses in one or more periods (as a result of a
behavior not consistent with an expected profit maximizer or a risk-averse subject). The amount of the
endowment was calculated considering a quite unlikely scenario for subjects with the lowest marginal
benefits (type-4 subjects). It was therefore sufficient to cover a considerable amount of losses spanning
through more than one period. In order not to lose the total number of observations of the markets in which a
subject went bankrupt, we use the observations of these markets in the periods during which the eight subjects
of the market were active. The results that we show below do not change qualitatively if we use only the
groups in which no subject went bankrupt.
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We cannot say the same thing for the case of the treatment M2, though. In this case,

both the average and modal violations are below their predicted values. As it can be seen in

Tables A.4.1 and A.4.2, these observations are valid independently of the order in which

the treatment were played, although there are some observable differences in the mean

price and mean number of trades in both treatments, depending whether they were played

first or second. In general the treatment played first is closer to the theoretical levels. This

observation is suggestive of an order effect in the level of the average price and the number

of trades. We explore the issue of an order effect in more detail below.

Lower than predicted violations, on average, are also reported by the previously

cited papers. Cason and Raymond (Cason and Raymond 2010) found that subjects under-

report “well below” the level of what would be predicted for a risk-neutral or even risk-

averse subject. It is difficult to draw a clean picture of the reasons behind this result by

looking at Table 3. One noticeable result is that Type-4 firms sold one permit less than

what was expected, on average, and Type-1 firm bought one permit less than expected, on

average. Type-3 and 4 firms, on the other hand, demanded a number of permits closer to

their expected levels. Nevertheless, probably because the higher than expected price, firms

of type one and two emitted less than expected. We can say also that on average the

expected sellers tended not to sell as many permits as predicted. At the same time, the

average number of transactions per period was what theory predicted. Both results together

may suggest that traded permits may have changed hands more than once in M2.
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Table 3: Comparison of predicted results with summary statistics for Permits Experiments

Market Treatment 1 -
Compliance Treatment

Mean Price
per Period

Number of
transactions
per period

Type 1
(l0=4)

Type 2
(l0=4)

Type 3
(l0=6)

Type 4
(l0=6)

q l v q l v q l v q l v

Theory 74-80 10 7 7 0 6 6 0 4 4 0 3 3 0

Experiments

Mean 80.3 8.5 6.5 5.8 0.8 6.5 5.9 0.7 4.8 4.4 0.4 4.3 3.9 0.3

Std. Dev. 14.1 2.6 1.3 1.7 1.4 1.4 1.5 1.5 1.2 1.0 0.6 1.4 1.2 0.6

Conf. Int. / Mode [77.7, 82.7] (8.0, 9.0) 6/7 7 0 6 6 0 5 4 0 3 3 0

Median 79.6 8 6 6 0 6 6 0 5 4 0 4 4 0

# Obs. 118 118 236 236 236 236 236 236 236 236 236 236 236 236

Market Treatment 2 - Violation
Treatment

Mean Price
per Period

Number of
transactions
per period

Type 1
(l0=2)

Type 2
(l0=2)

Type 3
(l0=3)

Type 4
(l0=3)

q l v q l v q l v q l v

Theory 74-80 6 7 4 3 6 3 3 4 2 2 3 1 2

Experiments

Mean 104.3 6.1 5.5 3.1 2.4 4.8 2.7 2.1 3.9 2.2 1.7 3.3 2.0 1.3

Std. Dev. 11.0 3.1 1.7 1.5 2.1 1.9 1.2 2.0 1.8 1.2 1.6 1.4 0.9 1.2

Conf. Int. / Mode [101.9, 106.6] [5.4, 6.8] 5 4 1 4 3 2 3 3 2 3 2 1

Median 105.8 5 5 3 2 4 3 2 3 2 2 3 2 1

# Obs. 86 86 172 172 172 172 172 172 172 172 172 172 172 172



19

4.2. Hypothesis 1 tests

It can be seen in Table 3 that, although both treatments were designed to induce the same

level of individual emissions, the mean, the median and the modal level of emissions (q)

were higher in the treatment M1 than in the treatment M2 for all four types of firms, except

for modal emissions of type 4 firms, which were equal.

4.2.1. Non-parametric tests

To evaluate Hypothesis 1, we first perform a set of non-parametric, Wilcoxon

signed-ranks tests. Because each experimental market provides only one independent

observation (Davis and Holt 1993), we perform the comparison of emissions between

treatments at the market-level (aggregated across the eight subjects and averaged across

periods). Moreover, we do this by matching the pair of aggregate market emissions in the

violation treatment with that of the compliance treatment for the same market. This is to

exploit the fact that the observations samples are “related” (i.e. the same group of subjects

was exposed to both treatments). More formally, the null hypothesis of this test

is : = , where j refers to a specific eight-subject market and Q refers to the

aggregate level of emissions. The result of this test leads us to reject the null hypothesis, in

favor of the alternative that the aggregate market level of emissions is higher in the

compliance treatment than in the violation treatment (p = 0.0022, z = 3.059, n=12). This

result is robust to the order of treatments.9

9 The aggregate level of emissions is higher in the M1 treatment than in the M2 treatment when M1 is played
first (p = 0.0277, z = 2.201, n = 6). The same result is obtained when M2 is played first. Moreover, in spite of
the violation of the independence of observations, we also conducted the same test matching the pairs of the
average level of emissions in each treatment for each individual. We also reject the null hypothesis in this
case (p = 0.0000; z = 5.624; n = 80). We obtain the same result if we match the average emissions by type of
firm (p = 0.0000, z =4.933, n = 46).



20

Although the p value of the test is remarkably low, we believe that the fact that it

includes the observations corresponding to 14 subjects that participated two times in the

experiments, and 2 subjects that participated three times, may weaken its result. A natural

solution would be to perform the same test using only sessions (markets) in which no

subject was repeating. But we cannot do this because we have a low number of

observations of such groups. Instead, we address this issue by conducting an econometric

analysis controlling for observations belonging to a subject that is repeating participation.10

4.2.2. Regressions

In Table 4 we present the results of a random-effects regression analysis with the

individual decisions as the unit of observation, in which we add the corresponding

assumption regarding the distribution of the error terms. To be more precise, the

specification of the estimated equation is the following,

eit = f(VIOLATION TREATMENTit, FIRM-TYPEi, PERIODt, REPEATit, OTHER

CONTROLS) [1]

where eit is the level of emissions of subject i in round t, VIOLATION TREATMENT is a

dummy variable equal to 1 if the treatment is M2, and equal to zero if the treatment is M1;

FIRM-TYPE is a set of three dummy variables to control for firms’ type, PERIODt is

another indicator variable for each of the ten periods used in these regressions; and

REPEATit is an indicator variable equal to one for the observations corresponding to a

subject that is participating for her second or third time. The other controls employed in the

10 It is worth mentioning that we also reject the null hypothesis if we conduct the test of type-of-firm
emissions using only markets in which no subject was repeating (n = 20; z = 2.931; p = 0.0034).
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regressions depend of the specification. In specification 1, we included a dummy variable

to control for the order of the treatments (First equals 1 if the treatment to which the

observation belongs was played first). We also included an interaction of this variable with

“Violation Treatment”, as a way to disentangle any possible difference in the order effect

between the violation and compliance treatments. In specification 2, we included a set of

dummy variables to control for possible market (group of eight subjects) effects.11 In both

cases we included random individual effects, and we clustered errors by subjects. The

results that we present do not change in any significant way if we cluster errors by group

(market) instead of subjects. Finally, we ran both specifications with and without

controlling for risk aversion. The level of risk aversion for each subject is a discrete

variable that takes the values 1 to 10, using the results of the Holt and Laury test as

explained in section 3.2. 12

It can be seen in Table 4 that the level of individual emissions is between 1 and 1.3

units lower in the violation treatment than in the compliance treatment, depending on the

specification used. This result leads us to reject Hypothesis 1, as we did with the non-

parametric tests in the previous section. Interestingly, the rejection of Hypothesis 1 does not

depend on whether or not we control for risk aversion. We also do not observe an order

11 We do not include the price as an explanatory variable because this is a fundamental channel by which the
enforcement regime affects emissions and violations choices in a cap and trade system. Moreover, according
to theory (Malik, 1990) and experimental evidence (Murphy and Stranlund, 2006) an increase in the
enforcement effort by the regulator does not directly affect the level of emissions of the firms, but only
through the permit’s price. See also section 4.3.
12 When we include the risk aversion dummies we lose the observations of 18 subjects that made inconsistent
choices in the Holt and Laury test. We also dropped from the sample the observations of an additional
individual that revealed an extreme preference for risk in the test (opted for the lottery in the ten choices, risk
aversion = 1) but did not behave consistently with this choice, biasing the estimation of some of the other risk
aversion dummies. We keep only the first participation of the subjects who revealed different levels of risk
aversion between participations. Among the remaining 61 subjects, the mean level of risk aversion is 7.2, the
median 7.0, the minimum 4 and the maximum 10.
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effect statistically different from zero in the level of emissions.13 The coefficients of the

variables indicating type are as expected. Not shown, the group-of-subjects and period

dummies show no statistically significant effect, except for one group and one period. The

sign of the indicator variable “Repeat” is negative. This result is consistent with learning. In

fact, subjects who participated in more than one session earned more when they were

participating for their second and third time than what they earned in their first time.

Nevertheless, the result may have other possible interpretations. Beyond these, its inclusion

is for purposes of consistency of our variable of interest, M2, and the results show that the

rejection of Hypothesis 1 is robust to repetition.

Apart from these specifications, we did some robustness checks. In one of these, we

re-estimated the models splitting the periods in two sub-periods: rounds 1 to 5, and rounds

6 to 10. The results do not change in any significant way. The coefficient of interest does

not change in magnitude or statistical significance. In another specification, we use risk-

aversion dummies instead of a discrete linear variable. Again, the results do not change in

any significant way. These results are available upon request.14

13 We did observe an order effect in the level of violations. In estimations not shown in this paper (available
upon request) we found that the order of the treatment had a statistically significant effect on the observed
level of the violations of the compliance treatment (M1). Subjects tended to violate more in M1 if the
violation treatment (M2) was played first, as compared to what they violate in M1 if M1 was played first. On
the other hand, the level of violations of the firms in the M2 treatment did not depend on whether this
treatment was played before or after the treatment M1. The order effect in the compliance treatment may be
seen as an “anchoring effect” (Tversky and Kahnema, 1974; Ariely, et al, 2003) in enforcement regimes. In
terms of policy implication, it may suggest that a regulator that previously allowed violations in a cap and
trade program needs a relatively more stringent enforcement strategy and/or more time to induce perfect
compliance, than a regulator that induced perfect compliance in the first place.
14 Our result of interest is robust to using fixed effects instead of random effects, except in the case in which
we control for the order effect and we discard all the subjects showing risk aversion inconsistencies, although
with fixed effects we cannot use risk aversion controls.
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Table 4: Linear Random Effect Models for Hypothesis 1
(Market Treatments)

Dependent variable: (1) (2) (3) (4)

Level of emissions
Coefficient
(Std. Error)

Coefficient
(Std. Error)

Coefficient
(Std. Error)

Coefficient
(Std. Error)

Violation Treatment (M2)
-1.374*** -1.311*** -1.136*** -1.026***

(0.249) (0.293) (0.161) (0.193)

First
-0.263 -0.217

(0.231) (0.243)

Violation Treatment * First
0.460 0.539

(0.406) (0.459)

Type 2
-0.0372 -0.00664 0.00673 0.0745

(0.199) (0.206) (0.208) (0.226)

Type 3
-1.356*** -1.962*** -1.346*** -1.785***

(0.274) (0.215) (0.233) (0.293)

Type 4
-2.571*** -2.596*** -2.638*** -2.398***

(0.189) (0.269) (0.194) (0.262)

Repeat
-0.767*** -0.934*** -0.834*** -0.625*

(0.172) (0.272) (0.207) (0.363)

Risk aversión
-0.00798 0.0263

(0.0878) (0.0998)
Period Dummies Yes Yes Yes Yes

Market Dummies No No Yes Yes

Constant
6.645*** 6.627*** 6.578*** 6.348***

(0.199) (0.598) (0.332) (0.683)
N 1,631 1,107 1,631 1,107

N_clust 80 61 80 61

*** p<0.01, ** p<0.05, * p<0.1

4.3. The effect of inducing non-compliance on the price of permits

We have provided experimental evidence against the hypothesis that a regulator has

the possibility of inducing each of the regulated firms to emit at a given level by

manipulating the supply of permits and the monitoring probability in the manner suggested

by the theoretical models of enforcement in cap and trade schemes. Nevertheless, we have

not explored the channel by which this effect takes place. One obvious channel is the price

of the pollution permits. As it is well known, the price of the pollution permits determines

the level of emissions of the firms that participate in a cap and trade scheme, together with

its individual characteristics (particularly, their marginal pollution benefits) (Stranlund and

Dhanda 1999). To explore this channel, we ran two additional regressions whose results we
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present in the Table 5. The panel variable in these regressions is the group of 8 subjects that

comprises the market, and the time variable is the round. In the first of these regressions,

whose results we show in Table 5, the dependent variable is the average price at which the

permits were traded. We can see that the average price of the permits traded was higher in

the treatment that induces violations than in the treatment that induces compliance,

although both treatments were designed to produce the same equilibrium price. Moreover,

the size of this difference depends on the order in which the treatments were played. The

average price was around 13.9 experimental pesos higher in the M2 treatment than in the

M1 treatment when the M2 was played after the M1 treatment, but it was 24.3 (= 13.93 –

9.669 + 19.99) experimental pesos higher in the M2 treatment if this was played before M1.

Moreover, the order effect has a negative sign for the compliance treatment (-9.669) and a

positive sign for the violation treatment (-9.669 + 19.99). This result suggests that there

may be a partial anchoring effect of the price in the first treatment over the price of the

second treatment, irrespective of which treatment was played first.

Table 5: Linear Random Effect Models for Prices
(Market Treatments)

Dependent variable:

Average price of permits traded
in the period

Control Variables:

Coefficient
(Std. Error)

Violation Treatment (M2)
13.93***
(3.881)

First
-9.669***

(2.838)

Violation Treatment * First
19.99***
(4.534)

Number of subjects that
repeat in the market

-1.134
(0.990)

Period dummies Yes

Constant
83.18***
(2.803)

N 204
N_clust 12

* p<0.1, ** p<.05, *** p<.01
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This result is consistent with the finding that firms emit less than expected in this

same treatment. Moreover, as it can be seen in Table 3, on average, Type-4 firms

unpredictably keep one permit more than and Type-1 firms buy one permit less than

predicted. We are unable to provide a complete explanation for the reason behind this

result. A possible explanation is an endowment effect: Type-4 firms received 3 permits and

it is expected to demand 1 permit, while Type-1 firms received 2 permits at the beginning

of the experiment and are expected to demand 2 permits. Because of this initial allocation,

we believe that Type-4 firms may be affected by an endowment effect. Another possible

effect is risk-aversion. The expected levels of violations are derived assuming risk-

neutrality. A risk-averse, prospective seller firm may not be willing to sell as much permits

as predicted at the expected equilibrium price. Similarly, a risk-averse, prospective buyer

may be willing to pay a premium over the expected price to avoid being out of compliance

for as many units as a risk-neutral would be.

4.4. Overall results of the standards experiments

In this subsection we present the results for the standards experiments. Recall that in the

standards experiments the regulator sets the expected-cost-minimizing allocation of

emissions by fiat, in the form of individual standards, instead of trusting a market for

pollution permits for this task.15

Table 6: Comparison of predicted results with summary statistics for
Emissions Standards Experiments

Treatment S1
(Compliance Treatment)

Type 1
(s=7)

Type 2
(s=6)

Type 3
(s=4)

Type 4
(s=3)

q v q v q v q v

15 It is not an issue of analysis here, but for this to be possible, the regulator should perfectly observe the
marginal benefits of the firms. The relative advantage of a market for pollution permits to perform the task of
allocating emission responsibilities in a cost-minimizing way is based precisely on the fact that regulators do
not have perfect information on the firms’ marginal benefits of pollution.
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Theory 7 0 6 0 4 0 3 0

Experiments

Mean 7.7 0.7 6.5 0.5 4.8 0.8 3.6 0.6

Std. Dev. 1.0 1.0 1.2 1.2 0.8 0.8 0.9 0.9

Mode 7 0 6 0 4 0 3 0

Median 7 0 6 0 5 1 3 0

# Obs. 130 130 140 140 120 120 160 160

Treatment S2
(Violation Treatment)

Type 1
(s=4)

Type 2
(s=3)

Type 3
(s=2)

Type 4
(s=1)

q v q v q v q v

Theory 7 3 6 3 4 2 3 2

Experiments

Mean 6.5 2.5 5.9 2.9 3.6 1.6 3.2 2.2

Std. Dev. 1.3 1.3 2.3 2.3 1.0 1.0 1.8 1.8

Mode 7 3 5 2 4 2 2 1

Median 7 3 6 3 4 2 3 2

# Obs. 130 130 140 140 120 120 160 160

Table 6 shows the summary statistics of key variables in the emissions standards

experiments and the value of those variables that theory predicts for the case of expected-

profit-maximizing agents.16 The results indicate that, subjects violated the standards in the

treatment S1 (the compliance treatment), on average, although they were not supposed to.

Nevertheless, the modal behavior of subjects is consistent with this model. The median

behavior is also consistent, except for Type 3 firms. At the same time, in the violation

treatment (S2), the average levels of violations turned out to be somewhat lower than those

predicted for Type 1, 2 and 3 firms, and somewhat higher than predicted for firms of Type

4. If we look to the modes, Type 1 and 3 subjects performed as the theory predicts, while

Type 2 and 4 emitted one unit less than predicted. Overall, it seems that the expected-

profit-maximizer model does better in predicting the average behavior of firms in the

16 We discard the observations of six subjects that went bankrupt, unexpectedly. (Expected profits were
positive for all subjects if behaved as expected-profit-maximizers. Moreover, subjects were given an initial
allocation of 525 E$. This endowment allowed firms of type 4, for example, to cover 35 periods of losses if
they behaved as expected-profit maximizers, and were audited and fined in every period of the violation
treatment). Bankrupted subjects were three Type-4 subjects, two Type-3 subjects, and one Type-1 subject.
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violation treatment for the case of emission standards than for the case of tradable pollution

permits, while it does basically the same job in the compliance treatment.

4.5. Hypothesis 2 tests

We now address the test of Hypothesis 2. In the case of the standards experiments we have

only one subject that participated twice in these experiments. This individual was assigned

Type 3 in one participation and Type 4 in another. To assure independence of observations,

we only included the Type 3-observations corresponding to this individual in the tests.17

4.5.1. Non-parametric tests

If we look at the average levels of emissions of subjects in the treatment S1 vs. treatment

S2 in Table 6, the comparison is not as clean as in the case of tradable permits. For the

cases of subjects of Type 1 and Type 3, the average level of emissions is lower in the

violation treatment than in the compliance treatment. However, this difference is much

closer to the theoretical prediction for subjects Type 2 and 4 (0.6 and 0.4 units,

respectively).

To perform a formal test for Hypothesis 2, we perform a Wilcoxon signed-ranks test

matching the pair of averages (across periods) levels of emissions for each individual in

each treatment. The null hypothesis is that the average level of emissions of the individual

in the treatment S1 is equal to the average level of emissions of the same individual in

treatment S2. (Or, more formally, that the observations are drawn from the same

distribution). This test clearly rejects the null hypothesis (z = 4.267, p = 0.0000, n = 54).

This result is robust to the order of treatments. The individual level of emissions is higher

17 We decided to discard type 4 and keep his type 3 observations due to the fact that we had more
observations for type 4 firms. Anyway, the results don’t change in any significant way if we exclude the type
3 observations, or if we exclude the individual as a whole.
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in the S1 treatment than in the S2 treatment when the S1 treatment is played first (p = 0.03,

z = 2.97, n = 20). The same result is obtained when S2 is played first (p = 0.0016, z =

3.155, n = 34).

4.5.2. Regressions

In this section we estimate a linear random effects model to explore associations between

exogenous covariates and the levels of emissions and as an additional test of Hypothesis

2.18 The specification of our econometric model for the case of standards mimics the

specification 1 of our econometric model for the case of tradable permits. We do not run a

specification 2 in this case since there is no reason to control for group effects in the

standards experiments. Table 7 presents the results with and without controlling for risk

aversion.19

Our econometric analysis shows that, everything else equal, the level of emissions is

around 0.7 units lower in the violation treatment than in the compliance treatment. This

result is consistent with the result of the Wilcoxon test performed in the previous section,

by which we rejected Hypothesis 2. The result is the same one we obtained in the case of

tradable permits. Therefore, we can conclude that regulators may not be able to induce the

same level of emissions pooling the leverages of the emission standards and the monitoring

probabilities in the quantities suggested by the standard theoretical models of enforcement.

Apart from the main result previously commented it is interesting to note that, as we

do in the case of tradable permits, we do not observe an order or anchoring effect in the

18 Results do not change qualitatively if we use fixed effects instead of random effects.
19 Similarly to what we did in the case of tradable permits, in the case of standards we discard the
observations of 11 subjects that made inconsistent choices in the Holt and Laury test of risk aversion, and one
more subject that revealed an extreme preference for risk in the test (risk aversion = 1) but did not behave
consistently with this choice. Among the remaining 42 subjects, the mean level of risk aversion is 7.1, the
mean 7.0, the minimum 4 and the maximum 10.
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case of standards. Finally, by design, the type of firm affects the level of emissions; firms

with lower abatement costs tend to emit less as compared with the highest marginal

abatement cost firm type.

Table 7: Linear Random Effect Model
(Standards Treatments)

Dependent var.: Linear Model Linear Model

Level of emissions
Coeff.

(Std. Err.)
Coeff.

(Std. Err.)

Violation Treatment
-0.723** -0.709**

(0.340) (0.327)

First
0.322 0.141

(0.200) (0.217)

Violation Treatment * First
-0.317 0.0675

(0.497) (0.467)

Type 2
-0.852** -0.970**

(0.372) (0.377)

Type 3
-2.945*** -2.692***

(0.262) (0.428)

Type 4
-3.679*** -3.893***

(0.260) (0.273)

Risk Aversion
-0.237*

(0.127)

Period dummies Yes Yes

Constant
7.156*** 8.895***

(0.248) (0.885)

N 1,080 840

N_clust 54 42

*** p<0.01, ** p<0.05, * p<0.1

5. Conclusions

We study the compliance behavior of firms under different enforcement regimes in a

laboratory setting. We do this for two policy instruments: a system of transferable permits

and a system of standards. We evaluate whether a regulator can induce a given level of

emissions on individual firms by using different combinations of the aggregate supply of

tradable permits (or the emission standards) and the monitoring probability, as suggested by
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the conventional theoretical models of compliance, such that in one combination the

regulator induces perfect compliance while in the other one it allows violations.

Our results provide experimental evidence against this possibility. We find that

when a regulator chooses to attain the desired cap of emissions allowing violations,

emissions are lower than expected, and lower than in the compliance treatment. This

happens both in the case of tradable permits and standards, although it could be said that

this result is somewhat less robust for the case of standards.

Another noticeable result is that when the regulator induces violations in the case of

tradable permits it increases the average price at which permits are traded, independently of

the fact that the number of trades are less or equal to what the theory predicts.

Even though a complete explanation of the observed behavior is beyond the scope

of this work, there are several possible behavioral reasons related to our main results.

Considering its relevance to our study, we mention just two of them.  First, for the case of a

transferable emissions permit system, it may be possible that an endowment effect is

present (Kahenman et al., 1990, Shogren and Taylor 2008). Our initial allocation of permits

was devoted to foster market activity; somewhat skewed to prospective sellers. However,

these low benefit firms tended to hold more permits than expected, and high benefit firms

tended to hold less permits than expected. Consistent with the observe increase in the price

of permits we observe a lower than expected level of emissions. Another possible

explanation is that compliance behavior of subjects is driven by individual moral

motivations beyond the monetary incentives (Tyler, 1990). In this case, even though we

have a neutral framing, compliance behavior could be determined by the individual moral

status, which might be an additional deterrent to the expected penalty.
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Our results have direct implications for the design of a cost-effective environmental

policy. According to our results, the aggregate level of emissions in the experimental

market is about 25% lower in the violation treatment than in the compliance treatment,

when they should be equal in theory. Moreover, the aggregate level of emissions in the

violation treatment is 12% lower than the predicted level. Both results indicate that a cap

and trade program that, following theoretical recommendations, is designed to allow a

certain level of violations (because of the relative costs of sanctioning versus monitoring

perfect compliance), would have higher than expected abatement costs because firms would

not violate as much as predicted. On the other hand, because firms violate less, the

regulator would spend less on imposing fines. If, as it might be argued, the aggregate costs

of abating those extra unpredicted units of emissions are higher that the saved costs of

imposing fines, a cap and trade program that is designed to allow a certain level of

violations would be more costly than expected. Consequently, even when the marginal

costs of monitoring perfect compliance are higher than the marginal costs of sanctioning, it

may not be cost-effective to design a cap and trade program that allows violations, contrary

to what is established by the theoretical literature. More research is needed to better

calibrate the compliance behavior of firms under a cap and trade program before a more

definite policy recommendation could be given regarding the relative cost-effectiveness of

inducing compliance versus non-compliance. This calibration would have to be centered at

the relative monitoring effort needed to induce the desired level of emissions under a

perfectly enforced cap and trade program and an imperfectly enforced one.

The previous observation is not as conclusive in the case of emissions standards. In

this case the aggregate level of emissions is around 13% higher than the predicted level in

the compliance treatment but is practically the predicted in the case of the violation
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treatment. Although we reject Hypothesis 2, it appears that it might be easier for a regulator

to decrease the level of the emission standards and the monitoring effort to keep the

aggregate level of emissions constant at the desired cap while allowing violations to reduce

enforcement costs. Nevertheless, this would depend on the relative costs and benefits of the

reallocation of emissions and violations that occur among the different types of firms.

Finally, albeit less robust, another result that we observe in our experimental

settings is a type of anchoring effect when switching enforcement regimes in tradable

permits. Firms tend to violate more in the perfect compliance treatment if this is played

after a violation treatment (as opposed to be played before). Puzzlingly, we do not observe

the same effect for emission standards. The anchoring effect on violations, although

deserves to be studied further, it may suggest that a regulator that previously allowed

violations in a cap and trade program may need a relatively more stringent enforcement

strategy or more time to induce perfect compliance, than a regulator that induced perfect

compliance in the first place.
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