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Abstract
We present the results of an experimental investigation on incentives to adopt cleaner 
abatement technologies in the presence of imperfect compliance. We consider two emis-
sion control instruments—emission taxes and tradable permits—as well as different com-
binations of the inspection probability and fine for non-compliance, which can result in 
full or weak enforcement scenarios. We review and qualify existing theoretical predictions 
in several ways and find the main result is that allowing for weak enforcement causes tax 
evasion, reductions in permit prices and lower adoption rates of cleaner abatement tech-
nologies. As a result, there are increases in aggregate emissions. Finally, treatments with 
tradable permits under weak enforcement encounter insufficient trading.

Keywords Abatement Technology · Auction · Environmental policy · Monitoring · Non-
compliance · Permit · Taxes

JEL Classification C92 · K42 · L51 · Q28 · Q55

1 Introduction

We present an experimental investigation on firms’ incentives to adopt environmentally 
friendlier technologies with government policies that may result in imperfect compliance. 
Both pollution taxes and emission permit trading schemes are powerful policy instruments 
designed to curb emissions cost-effectively and induce polluters to adopt cleaner abatement 
technologies. Here, we question whether these powerful incentives for technology adoption 
are weakened through imperfect compliance of the policy in place. In the case of pollu-
tion taxes, imperfect compliance means declaring an amount of released pollution lower 
than allowed to save on tax bills. In the context of emission permits, imperfect compliance 
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refers to holding a number of tradable permits lower than the amount of released pollution, 
thereby saving on permits purchases.

Imperfect compliance in environmental regulation is a key issue, especially in develop-
ing countries with weak institutions and low environmental compliance assurance, mon-
itoring, and enforcement. Examples of unsuccessful policies derailed by imperfect com-
pliance are discussed by the OECD (2004) when promoting a toolkit for building better 
environmental inspectorates in Eastern European countries, but whose guidelines and rec-
ommendations apply to developing nations. Palacios and Chávez (2005) also discuss how 
the Emission Compensation program in the capital city of Santiago, Chile, has been jeop-
ardized by widespread violation of maximum emission-capacity permits. Lin (2013) stud-
ies plants’ incentives to self-report emission under different inspection rules in China. He 
proposes a model to analyze plants’ strategic reactions to pollution levy regulation to deter-
mine if plants’ true pollution levels might actually increase with inspections. The growing 
literature on this topic bears witness to the importance of addressing regulatory failures 
due to imperfect compliance.

Arguedas et  al. (2010) and Villegas-Palacio and Coria (2010), in parallel work, have 
analyzed the theoretical dynamic properties of different environmental policy instruments 
under weak enforcement. They show that compliance issues under pollution taxes do not 
affect adoption incentives and released pollution; hence, the only (although important) 
effect of weak enforcement is tax evasion. However, adoption incentives can decrease, and 
aggregate emissions can increase under emission permits when widespread non-compli-
ance reduces the permit price.

Our analysis sheds light on these theoretical studies by providing the first experimen-
tal insights on the adoption incentives under either pollution taxes or tradable emission 
permits when compliance is an issue. To this end, we conducted a series of experiments 
simulating different scenarios on the adoption of a low-pollution (or cleaner) technology. 
We consider that firms can face a pollution tax or be engaged in a system of tradable emis-
sion permits, while we also allow for alternative monitoring and enforcement represented 
by different inspection probabilities and fines for non-compliance. We present several sce-
narios linking compliance and adoption incentives. Regardless of firms choosing to comply 
or not, some experiments are designed to induce perfect compliance (optimal violation is 
zero) while others induce imperfect compliance (optimal violation is positive). In this latter 
case, a rational firm exceeds the regulation whenever the marginal benefits of non-compli-
ance (in terms of tax bills or permit purchase savings) outweigh the marginal costs; that is, 
the probability of being caught times the marginal fine for non-compliance.

Our experimental design is as follows. For each policy scenario (tax versus permits, full 
versus weak enforcement), subjects (i.e., firms) are assigned their initial pollution abate-
ment technologies. After this, they decide whether they adopt a costly new technology that 
reduces their marginal abatement cost (MAC). If a pollution tax is in place, firms then 
decide on the amount of released pollution and declared emissions (i.e., whether or not 
they abide by the law and to what extent). The case of emission permits is more complex 
because subjects can acquire permits in a permit auction. Once the auction is over, sub-
jects decide on their released emissions. We follow the asymmetric model by Requate and 
Unold (2001), later adopted in Arguedas et al. (2010), by allocating different initial tech-
nologies to the firms, whereas the new technology is the same for all firms.

Our results concur with the theoretical predictions in general, but they qualify and devi-
ate from them in several ways. For example, as studied by Gangadharan et al. (2013) in 
simpler settings, some subjects initially endowed with dirtier technologies under-adopt, 
while others with cleaner technologies over-adopt.
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Moreover, in the case of pollution taxes, and contrary to what Arguedas et al. (2010) 
predict, we find that weak enforcement reduces the number of firms adopting new technol-
ogy when the regulator implements a monitoring policy with a high inspection probability 
but low fines. In addition, emissions are significantly higher under weak enforcement, irre-
spective of inspection probability. Finally, weak enforcement results in significantly higher 
tax evasion regardless of inspection probability, as predicted by the theory.

In line with Arguedas et al. (2010), we find permit prices under weak enforcement are 
lower than under full enforcement. Consequently, there are fewer adoption incentives under 
weak enforcement, regardless of inspection probability. In addition, all treatments suffer 
from under-pricing and insufficient trading in the permit market.

By studying the issue of adoption incentives (i.e., dynamic efficiency) under weak 
enforcement, this study contributes to the literature by testing the theoretical predictions 
on this topic. Adoption incentives under full enforcement have been extensively studied by, 
among others, Requate and Unold (2001) and Requate and Unold (2003). Requate (2005) 
presents a survey on the incentives provided by different environmental policy instruments 
when adopting new technologies. Coria (2009) explores how the choice between taxes and 
permits affects the pattern of adoption of low-polluting technologies. As mentioned above, 
there is also some theoretical literature that analyzes the dynamic properties of environ-
mental policy instruments under imperfect compliance (see Arguedas et  al. (2010) and 
Villegas-Palacio and Coria (2010).

A crucial criterion for environmental policy design is cost-effectiveness. When account-
ing for both abatement and enforcement costs, regulators weigh whether it is more effec-
tive to set the legal cap at a certain level under perfect compliance or to set it at a lower 
level and allow for imperfect compliance. Stranlund (2007), Arguedas (2008), and Caffera 
and Chávez (2011) have found that (1) the differences in costs between the two alterna-
tives depend on the fine structure, and (2) inducing perfect compliance minimizes the total 
expected costs.

Stranlund (2017) highlights important insights into the nature of sources’ compli-
ance incentives and the effective and efficient design of enforcement strategies. How-
ever, he states that the enforcement challenges become more difficult because markets 
are developed to control greenhouse gas emissions. Coria and Zhang (2015) analyze the 
consequences of a pollution inspection framework in which regulators’ targeting is based 
on firms’ past compliance records and investing in cleaner technologies. They conclude 
that targeted state-dependent enforcement has a deterrent effect and can help reduce total 
enforcement costs. Lappi (2016) studies the welfare difference between emission taxes 
and emission trading under non-compliance. He finds that (1) an emission tax produces a 
higher level of welfare than emissions trading under non-compliance, and (2) for permits, 
there is a trade-off between the actual total emissions and the number of audited firms.

Several experiments on permit trading have been conducted since Plott (1983) first 
experiments; however, only a few of them consider the adoption of low-pollution technolo-
gies when firms participate in emission permit markets.1

In the experimental literature, few experiments on environmental policy instruments 
consider the adoption of low-pollution technologies. Cochard et al. (2005), who con-
sider technology adoption incentives using emission taxes, and assume that emissions 
affect only the polluters themselves, but not other non-polluting agents. They show 

1 Surveys of the literature are given in Muller and Mestelman (1998) and Bohm (2003).
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that an ambient tax does not result in social dilemmas because the group optimum is a 
Nash equilibrium, resulting in an efficient and reliable mechanism that improves wel-
fare concerning the status quo. Ben-David et  al. (1999) consider an emission permit 
market in which a firm’s adoption decision making is irreversible. They find that an 
increase in cost heterogeneity does not affect trade volume, although higher price vari-
ability leads to lower trade efficiency.

Camacho-Cuena et al. (2012) also study the incentives for adopting advanced abate-
ment technologies under emissions trading, but unlike the present study, they only con-
sider perfect compliance. They find that the observed adoption patterns are relatively 
close to the theoretical first-best and that initial technology mainly determines individ-
ual adoption decision making. Moreover, they conclude that auctioning and grandfa-
thering are equivalent in their dynamic efficiency. Gangadharan et al. (2013) focus on 
an industry with asymmetric firms that differ in maximum emissions. As in our model, 
the effect of adopting a cleaner technology is asymmetric; that is, higher polluting 
firms gain more by adopting the technology. Taschini et al. (2014), in a laboratory set-
ting, explore the timing of irreversible adoption decision making of abatement technol-
ogy under a grandfathering allocation rule. They show that firms tend to adopt abate-
ment technology faster when the regulator applies a strict enforcement mechanism. 
Cason and de Vries (2018) study the performance of permit markets on dynamic effi-
ciency, with permits being auctioned or grandfathered. They show that auctioning per-
mits usually provides stronger R&D incentives, leading to greater dynamic efficiency.

Murphy and Stranlund (2007) were the first to study compliance behavior of firms 
for both transferable permits and standards. Caffera and Chávez (2016), which is closer 
to our work, study the compliance behavior of firms for both transferable permits and 
standards. They evaluate whether a regulator can induce individual firms on a given 
level of emissions by using different combinations of the aggregate supply of tradable 
permits (or the emission standards) and the monitoring probability for both perfect and 
imperfect compliance scenarios. Unlike us, they find that a regulator that allows for 
non-compliance could induce a reduction in emissions and an increase in the market 
price of tradable permits, which is at odds with theoretical predictions. Our experiment 
extends their study by introducing the possibility of adoption of cleaner technology. 
Our research contributes to the above experimental literature by jointly studying, for 
the first time, the most important instruments—taxes and permits, imperfect compli-
ance, and adoption incentives.

We organize the rest of the paper as follows. In the following section, we present 
the theoretical background on which our experiments are based. In Sect. 3, we describe 
our experimental design and process. In Sect. 4, we present our main results, and we 
conclude in Sect. 5. We also include an online Appendix with experiment instructions 
and complementary results.

2  Theoretical Model and Hypotheses

In this section, we present the underlying theoretical model for our experimental 
design, as well as the hypothesis we plan to test. As mentioned in the Introduction, we 
focus on the theoretical predictions obtained by Arguedas et al. (2010).
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2.1  Model and Theoretical Results

Consider an industry with n polluting firms and T different initial technologies. Each firm 
i = 1,… , n is endowed with one of these initial technologies. In the absence of regula-
tion firm i pollutes the amount emax

i
> 0 . Each firm i can abate pollution by using its ini-

tial technology or by adopting a new abatement technology (a) at a fixed cost, I > 0.2 A 
firm’s technology can be characterized by the respective abatement cost functions ck

i
(ei) , 

with k = 1,… , T , a . To pollute an emission level e < emax
i

 , firm i faces total abatement 
costs given by ck

i
(e) > 0 and marginal costs denoted as c�k

i
(e) < 0 . The adoption of the new 

technology results in lower total and marginal abatement costs (in absolute value) than the 
installed technology but requires the up-front payment I > 0.

An industry regulator aims to reduce a firm’s aggregate emissions. As policy instru-
ments, the regulator can either set an emission tax, denoted as � , or issue tradable permits 
on an aggregate quantity denoted as S.3

Because actual pollution levels cannot be directly verified, the regulator, in addition to 
the policy instrument, chooses an inspection probability and a fine for non-compliance. 
The regulator audits firms with a homogeneous and exogenous probability � to verify com-
pliance with the environmental policy. With non-compliance, firm i is sanctioned accord-
ing to a function that increases with the violation level, vi , as follows:

Violation levels are determined differently depending on the policy instrument. In the case 
of pollution taxes, firm i reports emissions, denoted as ri , and pays taxes according to the 
reported level. If audited, actual pollution, ei , is compared with reported pollution, ri . A 
firm is compliant with the regulation if actual and reported emissions are equal ( ri = ei ); 
it is not if reported emissions are lower ( ri < ei ). The violation level reflects the differ-
ence between actual and reported emissions (i.e., vi = ei − ri ). In the case of emission 
permits, firm i chooses the pollution level as well as the permit holding, denoted as si . 
If audited, actual pollution ei is compared with the number of permits held, si . The firm 
is in compliance if ei = si , but it is not if si < ei . The level of the violation in this case is 
vi = ei − si > 0.

Firms are assumed to be risk-neutral. They choose whether or not to adopt the new 
technology, as well as the corresponding pollution and permit holding (reported levels) 
under permits (taxes) to minimize the sum of abatement costs, cost of permit holding 
(pollution taxes), expected fines, and adoption costs—in case they invest in the new 
technology. Formally, the decision problem is the following in the case of permits (the 

(1)F(vi) = f1vi + f2v
2

i

2 For simplicity, following Requate and Unold (2001), we assume that adopting the new technology has the 
same cost for all firms regardless of the initial technology. This restriction can easily be relaxed as shown by 
Arguedas et al. (2010).
3 For example, these policy instruments can enforce the implementation of the socially optimal aggre-
gate emissions level E∗ ; that is, the level that minimizes aggregate abatement costs and environmental 
damages. Following Requate and Unold (2003), when the fixed adoption cost is independent of the ini-
tial technology, only a subset of firms may find it optimal to adopt the advanced technology in equilib-
rium, particularly those with the highest abatement costs. Using AMAC(E, j) to denote the aggregate mar-
ginal abatement cost when the first j firms have adopted the advanced abatement technology and D(E) for 
environmental damages, with E =

∑n

i=1
ei , the optimal aggregate emission level E∗ satisfies the condition 

AMAC(E∗, j) = D�(E∗).
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issue is analogous under taxes, simply substituting the price of permits p with the tax 
rate � , and the permit holding si with the reported level ri):

This problem is solved backward in two steps (see Arguedas et al. (2010) for details). In the 
first step, optimal pollution and permit holding (or reported level in the case of taxes) are 
found for a given technology. In the second step, the firm decides whether to adopt the new 
technology based on the minimum expected payoff under each possibility.

The results from step one are detailed in Arguedas et  al. (2010), as well as in the 
earlier publications of Malik (1990), Keeler (1991), Stranlund and Dhanda (1999), and 
Stranlund (2007), among others. For a given technology, a firm’s optimal pollution can 
be derived by equating MAC to the price. In the case of emission permits, this condition 
can be written as follows (for taxes, substitute p with �):

Interestingly, a firm’s pollution decision is dependent on the permit price and the specific 
technology employed but is independent of the inspection probability or the fine for non-
compliance. In other words, the decision is made independently of whether the enforce-
ment strategy induces full or imperfect compliance.

In contrast, a firm’s optimal degree of violation crucially depends on the regulator’s 
enforcement strategy (that is, probability of inspection and levels of sanction) as well 
as on the permit price (or tax rate). However, it is independent of the technology that a 
firm employs. For emission permits (for taxes, simply substitute p with � ), we have:

In the permits case, the inspection probability and the fine for non-compliance are such that 
the expected marginal fine for the infinitesimal violation is higher than the permit price. 
This corresponds to a scenario of full enforcement that induces a firm to comply with the 
regulation (i.e., v∗

i
= 0 ). The second is a case of weak enforcement, where the expected 

marginal fine for the infinitesimal violation is less than the permit price. In this case, the 
optimal violation is positive and equal to the familiar condition requiring that the marginal 
expected fine equals the permit price.

Next, the solution to step two (adoption decisions) is specific to Arguedas et  al. 
(2010) and Coria and Villegas-Palacio (2010). Combining two characteristics—the opti-
mal pollution and violation levels—results in adoption incentives that depend on per-
mit price, not on whether enforcement is full or weak. The first important result is the 
following:

Proposition 1 (Arguedas et al. (2010)): For a given supply of tradable permits, the equilib-
rium permit price under weak enforcement (imperfect compliance) is less than that under 
full enforcement (perfect compliance). Thus, adoption incentives under imperfect compli-
ance are smaller than those under full enforcement.

min
cT
i
,ca
i

⎧

⎪

⎨

⎪

⎩

min
ei,si

cT
i
(ei) + psi + �Fi(vi);

min
ei,si

ca
i
(ei) + psi + �Fi(vi) + I

⎫

⎪

⎬

⎪

⎭

,

s.t. vi ≥ 0.

(2)c�k
i
(ei) + p = 0

(3)
v∗
i
= 0 if and only if p ≤ 𝜋F�(0)

v∗
i
> 0 such that p = 𝜋F�(v∗

i
) if and only if p > 𝜋 F�(0)
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This result establishes that, everything else being equal, under tradable permits, incen-
tives to adopt are lower with weak enforcement. The reason is that weak enforcement low-
ers the demand for permits, which results in a lower equilibrium permit price and conse-
quently in fewer incentives to adopt. An interesting corollary of this result is that weak 
enforcement does not change adoption incentives under emission taxes because, by defini-
tion, the tax rate (the price of pollution in this case) is exogenous.

The following result goes a step further in comparing alternative scenarios resulting in 
the same equilibrium price:

Proposition 2 (Arguedas et  al. (2010)): Under emission permits, the incentives to adopt 
depend only on a firm’s technology and permit price. If two alternative enforcement sce-
narios (that is, monitoring policies) result in the same equilibrium permit price, then adop-
tion incentives are the same.

This result, in particular, implies that two alternative enforcement strategies with the 
same expected marginal fine should provide the same adoption incentives. This should 
mean two alternative scenarios of full and weak enforcement resulting in the same permit 
price by appropriately adjusting the aggregate supply for permits.

2.2  Hypotheses

In our experiment, we test the main theoretical results in Arguedas et al. (2010) under trad-
able permits and emission taxes in case of weak enforcement. We also compare differ-
ent enforcement strategies leading to the same equilibrium price. Based on this theoretical 
background, we formulate the following hypotheses concerning the influence of enforce-
ment strategies on firms’ incentives to adopt new technology under tradable permits and 
emission taxes:

Hypothesis 1 For a given supply of permits, weak enforcement reduces firms’ adoption 
incentives as a consequence of a reduction in the equilibrium permit price.

Hypothesis 2 Different enforcement strategies leading to the same equilibrium permit 
price result in the same behavior of firms concerning technology adoption.

Hypothesis 3 For a given emission tax rate, firms’ adoption incentives are independent of 
enforcement strategies.

Arguedas et  al. (2010), among others, also provide some results on firms’ decisions 
making related to emissions or degree of violation:

Hypothesis 4 A firm’s decision on emissions depends only on the firm’s technology and 
the permit price or the emission tax.

Eq. (2) derives the optimal decision concerning emissions, satisfying the simple condi-
tion that equals MAC to the permit price or the emission tax rate. Under this condition, a 
firm’s decision regarding emissions depends only on the production technology and the 
emission permit or the tax rate. Thus, we should observe the same emission levels under 
different enforcement strategies that result in the same permit price or emission tax.
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However, this is not the case for the optimal degree of violation:

Hypothesis 5 The degree of violation depends only on the enforcement strategy applied 
by the regulator, and it is independent of the firm’s technology.

Equation (3) shows how the optimal degree of the violation depends on the enforcement 
strategy applied by the regulator and the permit price or the emission tax. In this case, a 
firm’s technology does not play a role.

3  Experimental Design and Procedure

Our experiment was conducted in the Laboratori d’Economia Experimental (LEE) at 
Universitat Jaume I using z-Tree software (Fischbacher (2007)). Subjects were volunteer 
undergraduate students in Economics, Finance and Accounting, or Business Administra-
tion. Firms’ earnings were designated in Experimental Currency Units (ECUs) and con-
verted into Euros at the end of the experiments.

3.1  Parameters and Treatments

Our experimental design is close to Camacho-Cuena et al. (2012). We consider an industry 
consisting of 12 firms producing with one of five available technologies: Tj, j = 1,… , 5 
(see Table 1 for the initial distribution of technologies among firms). Each technology is 
characterized by a default emissions level. Firms’ technologies are represented by stepwise, 
downward sloping marginal abatement cost functions (see Table 2 for the specific marginal 
abatement costs associated with each type of technology). Note that technology T1 results 
in the highest maximum default emissions levels and technology T5 represents the lowest 
maximum default emissions chosen in the absence of regulation. The firms had a default 
profit of 1200 ECU from their production activity and could adopt the common advanced 
technology a by investing 580 ECU. The adoption of the advanced technology leads to 
lower default emissions and, therefore, lower MAC (the specific marginal abatement costs 
associated with the new technology are also shown in Table 2). 

From the perspective of the regulator, we consider an emission tax of 53 ECU and 
a number of permits S = 72 to be auctioned off. These two policies are designed to be 
equivalent under full enforcement. That is, the resulting equilibrium permit price under 
full enforcement is 53 ECU.4 Following Requate and Unold (2003), with these parame-
ters, only firms with technologies T1 and T2 have incentives to adopt the new technology 

Table 1  Distribution of technologies among firms: firm’s type (according to the initial technologies), num-
ber of firms per type

Firm type T1 T2 T3 T4 T5

Number of firms 3 2 2 2 3

4 For further information on the optimal instrument level, please check the online Appendix.
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in equilibrium because the abatement cost of reducing emissions to 7 units (see Table 2) 
exceeds the investment cost of adopting the new technology (Table 3 presents the number 
of emissions to be abated and its associated total abatement cost, TAC).5 This adoption 
decision corresponds to optimal behavior based on expected profits, which are the same 
across firms sharing the same technology, as presented in the next section.

Table 2  Marginal Abatement 
Cost (MAC) and Total 
Abatement Cost (TAC) per 
technology type. T1, ...,T5 denote 
the initial technologies, while a 
denotes the advanced abatement 
technology

Emissions per technology type MAC TAC 

T1 T2 T3 T4 T5 a

20 18 16 14 12 7 0 0
19 17 15 13 11 6 10 10
18 16 14 12 10 5 20 30
17 15 13 11 9 4 30 60
16 14 12 10 8 3 40 100
15 13 11 9 7 2 50 150
14 12 10 8 6 1 60 210
13 11 9 7 5 0 70 280
12 10 8 6 4 80 360
11 9 7 5 3 90 450
10 8 6 4 2 100 550
9 7 5 3 1 110 660
8 6 4 2 0 120 780
7 5 3 1 130 910
6 4 2 0 140 1050
5 3 1 150 1200
4 2 0 160 1360
3 1 170 1530
2 0 180 1710
1 190 1900
0 200 2100

Table 3  Emissions to be abated and total abatement cost (TAC) of reducing emissions to 7 units (the equiv-
alent of adopting the new technology)

Technology T1 T2 T3 T4 T5

Emissions 13 11 9 7 5
TAC 910 660 450 280 150

5 Adopting the new technology costs 580 ECU and results in a maximum of 7 emission units (see Table 2). 
A firm endowed with T2 (up to 18 emissions) prefers paying the adoption cost rather than the abatement 
cost leading to these 7 emission units (i.e., this requires abating 11=18-7 units at 660 ECU). Conversely, 
there is a disincentive to adopt as we move to cleaner technologies. For example, for T3 (up to 16 emis-
sions), a firm prefers abating 9 units (16-7=9) for 450 ECU rather than adopting the new technology.
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Table 4 shows the experimental treatments and implemented parameters. We conducted 
two sessions for emission taxes and three sessions for tradable permits of each of the four 
different treatments varying the inspection probability ( � ) and the induced optimal viola-
tion level ( vi = v∗).6 

Regarding the inspection probability, in treatments FE&LM and WE&LM (in which 
�=0.35), firms face a low inspection probability (i.e., low monitoring); that is, there is a 
35% probability the regulator will audit the firms. In treatments FE&HM and WE&HM ( �
=0.70), a firm faces a high inspection probability (i.e., high monitoring); that is, there is a 
70% probability a firm will be inspected.

Regarding the optimal violation level, in treatments with full enforcement (i.e., FE&HM 
and FE&LM), the optimal behavior concerning reported emissions results in full compli-
ance (i.e., v*=0). In treatments with weak enforcement (i.e., WE&HM and WE&LM), 
it is optimal for the firms to under-report emissions by two units (v*=2). We implement 
this by decreasing the fine through parameters f1 and f2 , the linear and quadratic compo-
nents defined in eq. (1). Under the assumption of expected profit maximization, the level of 
expected fines is the same in all implemented treatments.

Given its exogenous nature, the equilibrium tax rate remains constant across the dif-
ferent enforcement strategies, meaning under full and weak enforcement. By contrast, the 
equilibrium permit price is endogenous. The resulting equilibrium permit price in the full 
enforcement scenarios is 53 ECU; however, it lowers to 45 ECU under weak enforcement.7

3.2  Experimental Procedure

A group of 12 subjects participated in each session, assuming the role of managers at firms 
operating in an industry subject to environmental regulation. In each session, subjects 
played 10 periods of a given treatment, and there was no time limit to make their decision.8 
We randomly assigned subjects to one of the computers. We distributed instructions to the 
subjects, and we answered their questions before they played a trial period.9

Table 4  Experimental treatments 
and parameters

Treatment Enforcement 
Strategy

Monitoring v∗ � f1 f2

FE&HM Full High 0 0.7 76 1
FE&LM Full Low 0 0.35 152 2
WE&HM Weak High 2 0.7 72 1
WE&LM Weak Low 2 0.35 144 2

9 This trial period was identical to the real periods but was excluded from the final payoff.

6 Given the higher degree of complexity in the permits treatments due to the endogenous nature of permit 
prices, we decided to run one more session.
7 Given the optimal adoption pattern, there is excess demand for emission permits at any price below 53 
ECU under full enforcement and below 45 ECU under weak enforcement.
8 A total of 240 subjects were recruited, 144 for permits sessions (=12×3× 4) and 96 for taxes (=12×2×4). 
Each subject participated in only one session. Consequently, there are 360 observations for each permits 
treatment (=12×3×10) and 240 for each tax treatment (=12×2×10).
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3.2.1  Tradable Permits

In the treatments with tradable permits, each period consisted of the following four 
stages:

Stage 1: Technology assignment and adoption decision. Each subject is randomly 
assigned an initial technology T1,..., T5 , following the distribution displayed in Table  1. 
Subjects are informed about the number of auctioned permits, the inspection probability, 
and the marginal (and total) fines they will face in case of non-compliance if audited. In 
this stage, subjects simultaneously decide whether to keep the initial technology or to adopt 
the new technology a, paying the corresponding price of 580 ECU.

Stage 2: Permit auctioning. Permits are allocated among firms using an ascending 
clock auction (permits are not transferable, and banking of permits is not allowed). In 
this process, the opening price is 5 ECU. Subjects have 3 minutes to submit their permit 
demand at the current price. If aggregate permit demand exceeds the permit supply set by 
the regulator (72 permits), the price increases by 10 ECU (so that the next price is 15 ECU, 
then 25 ECU, and so on). The auction continues until the quantity demanded by the firms 
is smaller or equal to the permit supply. When this happens, the auction closes, and each 
subject is allocated the quantity demanded at this latest price.

Stage 3: Real emissions. Subjects decide on their real emission levels ei . In this set-
ting, the violation level vi is equal to the difference between actual emission levels ei and 
permits held si . The abatement level results in the difference between maximum and actual 
emissions.

Stage 4: Inspection and profit. The regulator inspects subjects with probability � and 
imposes the corresponding fine F(vi) if a positive violation vi > 0 is discovered. We com-
pute the firm profit in this period as:

where p denotes the corresponding permit market price and si is the number of permits 
acquired by firm i in the auction.

Subjects’ final payoff is the accumulated profit obtained in two periods randomly chosen 
at the end of the session. Each session lasted approximately 120 minutes, and the average 
payoff was around 18 ECU.

3.2.2  Emission Taxes

In the treatments with taxes, each period consisted of the following three stages:
Stage 1: Technology assignment and adoption decision. Each subject is randomly 

assigned an initial technology T1,..., T5 , following the distribution displayed in Table  1. 
Subjects are informed about the unit tax, the inspection probability, and the marginal (and 
total) fines they will face in case the regulator detects non-compliance. Subjects decide 
whether to keep the initial technology or to adopt the advanced technology a by investing 
580 ECU.

Stage 2: Emissions decision. Subjects decide on their actual emission levels ei and 
the emission level they report to the regulator ri . Firms pay a tax of 53 ECU per reported 
emission unit. The abatement level results in the difference between maximum and emitted 
(actual) units.

Πi,t =

{

1200 − cT
i
(ei) − psi − Fi(vi) if the firm does not adopt in period t,

1200 − ca
i
(ei) − psi − Fi(vi) − 580 if the firm adopts in period t,
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Stage 3: Inspection and profit. After subjects submit their reported emissions, the 
regulator inspects them with probability � . If a positive violation level vi > 0 is detected, 
firms pay the corresponding fine Fi(vi) (see equation (1)). Recall that the violation level vi 
is equal to the difference between real ei and reported ri emissions levels. We compute the 
profit of firm i in this period as:

where cT
i
(ei) and ca

i
(ei) are the abatement cost functions corresponding to the j = 1, ...5 

conventional and new technologies, respectively. Note that in cases when firms go unin-
spected, or when vi = 0 , the fine term does not apply.

Again, the subjects’ final payoff is the accumulated profit obtained in two randomly cho-
sen periods at the end of the session. Each session lasted approximately 90 minutes, and 
the average payoff was around 17 ECU.

Finally, for the treatments where the regulator implements tradable emission permits, 
we complemented our analysis to elicit some attitudinal characteristics of the subjects that 
might influence their behavior. In particular, we looked for the existence of risk aversion 
and ecological beliefs.10

Risk attitude
At the beginning of each session, we test subjects for their attitudes on risk. To this end, we 

used the low-payoff menu of paired lotteries (Holt and Laury (2002)), which ranks risk attitudes 
on a scale from 1-4 (high degree of risk-loving) to 6-10 (high degree of risk-aversion). A measure 
of 5 indicates risk neutrality. Table A.1 in the online Appendix describes the menu.

Πt
i
=

{

1200 − cT
i
(ei) − 53ri − Fi(vi) if the firm does not adopt in period t,

1200 − ca
i
(ei) − 53ri − Fi(vi) − 580 if it adopts in period t
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nt

1 2 3 4 5 6 7 8 9 10

Risk attitude measure

Fig. 1  The distribution of the measure for risk attitude (average: 7.01; standard deviation: 1.85)

10 We decided to run these tests only for treatments with tradable permits because decision making is more 
complex due to the interactions determining the (endogenous) permit price, which, in turn, affects technol-
ogy adoption decisions. Decision making under emission taxes is simpler because it is not influenced by 
strategic uncertainty. In addition, the process of active bidding for permits in auctions continuously elicits 
subjects’ willingness to pay, which may be influenced by their ecological attitudes.
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Figure 1 shows the distribution of risk attitudes of our sample.11 The figure shows that 
most subjects (80%) are risk-averse; 10% are risk neutral (that is, they switched to the risky 
alternative after five consecutive choices). The remaining 10% are risk-loving subjects.

New ecological paradigm scale
The revised 15-item NEP (New Ecological Paradigm) scale by Dunlap et al. (2000) cap-

tures ecological attitudes. At the end of each session, participants were asked to rate the 
level of their agreement for each statement on a 5-point Likert-like scale (Table A.2 in the 
online Appendix describes the questionnaire).

Figure 2 shows that the average NEP scale score is 51.79 on a range of 15–75, where 
15–45 indicates anti-ecological attitudes, 46-60 indicates mid-ecological attitudes, and 
61–75 indicates pro-ecological attitudes.12 Subjects generally show positive attitudes 
towards the environment, with 64% having mid-ecological scores, 14% having pro-ecologi-
cal scores, and 22% having anti-ecological scores.

4  Results

We test whether there are significant differences in performance under full and weak 
enforcement strategies. In this section, we compare the results on technology adop-
tion, emissions, and violation level when the regulator implements an enforcement 
policy and in which perfect compliance is optimal for the firm (i.e., full enforcement 
strategy), compared when imperfect compliance becomes optimal (i.e., weak enforce-
ment strategy). We then discuss whether experimental evidence allows for rejecting our 
hypothesis.

Anti (15-45)

0
5

10
15

20
P

er
ce

nt

15 20 25 30 35 40 45 50 55 60 65 70 75
NEP

Mid (46-60) Pro (61-75)

Fig. 2  The distribution of the ecological-attitude measures (average: 51.79; standard deviation: 8.50)

11 We had to drop 40 observations from a total of 144 observations due to irrational behavior (multiple 
switching).
12 We had to drop 2 observations from a total of 144 observations due to irrational behavior.
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4.1  Technology Adoption

In equilibrium, it is optimal for those firms operating with technologies T1 and T2 (i.e., 5 
out of 12 firms in the industry) to adopt the new technology a. Conversely, firms using 
technologies T3 thru T5 have no incentives to adopt the new technology.

Figure 3 shows the distribution of firms adopting the new technology as a function 
of the initial technology assigned for both tradable permits (top) and emission taxes 
(bottom).

A general feature common to all implemented treatments is that the majority of 
firms using initial technologies T1 and T2 adopt the new technology, and this proportion 
decreases for firms using technologies T3 , T4 and T5 (i.e., those with initially lower base-
line emissions and lower marginal abatement costs). Focusing first on enforcement, we 
find that adoption rates in the scenario in which full enforcement is optimal, v∗ = 0 , are 
similar to those reported by Camacho-Cuena et al. (2012); however, the number of firms 
adopting the new technology reduces under weak enforcement, v∗ = 2.

4.1.1  Adoption Decision Making Under Tradable Permits

For tradable permits, the first step is to compare firms’ decision making on adoption to the 
behavior predicted by the equilibrium. Under full enforcement (i.e. in treatments FE&HM 
and FE&LM), statistically significant under-investment of firms using technologies T1 and 
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Fig. 3  Percentage of firms adopting technology a per initial Technology T1,… ,T5 for tradable permits (top) 
and emission taxes (bottom)
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T2 and over-investment of firms using technologies T3 , T4 and T5 is observed.13 Instead, 
under weak enforcement, we obtain similar results for technologies T1 , T2 , and T3 , whereas 
the investment rate observed for firms using technologies T4 and T5 does not significantly 
differ from the equilibrium prediction.

Recall that Hypothesis  1 states that a reduction in the permit price under a weak 
enforcement strategy reduces a firm’s adoption incentives, compared to a situation in 
which a regulator applies a full enforcement strategy. To test this hypothesis, we first con-
firm that permit prices under weak enforcement are significantly lower than those under 
full enforcement.

4.1.2  The Permit Auction

We cannot use the optimal equilibrium price as a benchmark to evaluate the observed per-
mit prices and volumes because that price corresponds to the theoretically optimal adop-
tion pattern (i.e., only if firms of type T1 and T2 adopt the new technology, we expect the 
regulator to auction off 72 permits at an equilibrium permit price equal to 53 ECU under 
full enforcement and 45 ECU under weak enforcement). We have already seen that firms 
do not behave optimally concerning technology adoption. Therefore, we must calculate 
the theoretical equilibrium prices and volumes given the actual adoption decisions in each 
period.

Table 5 display the observed permit prices and volumes, as well as the (equilibrium) 
expected prices and volumes given the observed adoption decisions.14

From Table 5, we see that the permit prices observed under weak enforcement are sig-
nificantly lower than those under full enforcement. An interesting result is that in all sce-
narios, the observed prices are significantly lower than the expected (equilibrium) prices 
when we consider firms’ adoption decisions.

Permit holding is significantly lower than the number of permits issued by the regula-
tor, on average, for all treatments (Wilcoxon signed-rank test p value 0.000). That is, there 
are spare permits in the auction. Moreover, under weak enforcement, permit holding is 

Table 5  Mean observed and 
expected permit prices and 
volume across sessions and 
periods within a given treatment 
(we show SD within parenthesis)

Enforcement 
Strategy

Treatment Observed Expected

Price Volume Price Volume

Full FE&HM 44.31 65.03 51.87 72
(12.03) (5.96) (18.23) (-)

FE&LM 50.86 65.4 52.17 72
(14.04) (5.97) (13.47) (-)

Weak WE&HM 29 59.2 65.17 72
(6.64) (9.35) (13.64) (-)

WE&LM 47 63.87 49.87 72
(10.14) (5.96) (11.49) (-)

13 A Wilcoxon signed test shows a significant difference between observed and expected investment rates 
in all treatments with full enforcement and initial technologies.
14 The figures in online Appendix A.6.1 show the dynamics of average observed and expected permit 
prices, as well as permit holding, in all implemented treatments.
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significantly lower than under full enforcement for both high and low monitoring treat-
ments (Wilcoxon signed-rank test p value 0.000).

4.1.3  Firms’ Adoption Decisions

Given the differences between permit prices under full and weak enforcement, the lower 
permit prices observed under weak enforcement reduce adoption incentives compared to 
full enforcement. We analyze the differences (if any) in adoption decisions under full and 
weak enforcement.

Figure 3 shows the distribution of firms’ adoption rates per treatment: the lower per-
mit price observed under weak enforcement reduces the number of firms adopting the new 
technology. A Kolmogorov Smirnov test (K–S) confirms that the number of firms adopting 
the new technology under weak enforcement is significantly lower than under full enforce-
ment, regardless of the monitoring strategy and the initial technology. This is particularly 
true for high monitoring.15 Hence, our results do not allow us to reject Hypothesis 1.

When we compare adoption decisions under different enforcement strategies result-
ing in the same equilibrium permit price, we should, according to Hypothesis 2, observe 
similar adoption decision making. Given that a regulator uses either full or weak enforce-
ment, the K–S test comparing the distribution of adoption decisions under either high or 
low monitoring, shows that no significant difference is observed under full enforcement 
(K–S, p value  =  0.968), whereas this is not the case under weak enforcement (K–S, p 
value = 0.003). We observe that the number of firms adopting the new technology is sig-
nificantly lower under high monitoring.

We summarize our findings concerning prices and adoption decisions under tradable 
permits as follows:

Result 1 Observed permit prices and permit holding under weak enforcement are statisti-
cally lower than under full enforcement for both monitoring scenarios. This finding does 
not allow us to reject Hypothesis 1.

Result 2 Weak enforcement reduces the number of firms adopting the new technology. 
This finding does not allow us to reject Hypothesis 1.

Result 3 A given enforcement strategy affects firms’ adoption decisions under weak 
enforcement. Under high monitoring, this results in lower permit prices, reducing firms’ 
technology adoption. This finding allows us to reject Hypothesis 2.

4.1.4  Adoption Decision Making with Emission Taxes

We compare firms’ adoption decision making to the behavior predicted by the theory under 
emission taxes. From Figure 3 we observe under either full or weak enforcement there is 
statistically significant under-investment of firms using technologies T1 and T2 (expected to 

15 K–S test comparing the distribution of adoption under weak and full enforcement, given high and low 
monitoring, p value 0.000.
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adopt the new technology in equilibrium) and over-investment of firms using technologies 
T3 , T4 and T5 (not expected to adopt the new technology in equilibrium).16

We now focus on the effect of weak enforcement on firms’ adoption decisions. Accord-
ing to Hypothesis 3, the incentives to adopt the new technology remain invariant under both 
full and weak enforcement strategies, provided the same tax rate is applied. Hence, we do 
not expect to observe differences in technology adoption under full or weak enforcement.

When we compare firms’ adoption decision making under full and weak enforcement, we 
cannot reject Hypothesis 3 for the low monitoring scenario. Relying on a Kolmogorov Smirnov 
test (K–S), we do not find statistically significant differences in the adoption rates in treatments 
FE&LM and WE&LM (K–S test, p value = 0.997). However, for the high monitoring treat-
ments, we find statistically significant differences in the adoption rates comparing treatments 
FE&HM and WE&HM (K–S test, p value = 0.000). Therefore, we can reject Hypothesis 3. 
Enhancing previous experimental settings with weak enforcement when emission taxes are 
applied sheds light on adoption behavior with this unexpected result: the effect of weak enforce-
ment depends on the monitoring strategy used, even if adoption incentives remain invariant.

We summarize our findings concerning firms’ adoption decision making under emission 
taxes as follows:

Result 4 The effect of weak enforcement under emission taxes on firms’ adoption deci-
sions (although leaving firms’ adoption incentives invariant) depends on the monitoring 
strategy used by the regulator. Whereas no effect is observed under low monitoring, a sig-
nificant reduction of the number of firms adopting the new technology is observed under 
high monitoring. Hence, we can reject Hypothesis 3.

4.1.5  Factors Determining Firms’ Adoption Decisions

To better explain the factors determining technology adoption behavior in the different 
treatments we estimate a pooled Probit model with robust standard errors clustered across 
sessions. We study the impact of the initial technology on the probability of adopting 
the cleaner technology. For explanatory variables, we include dummies for both the ini-
tial technologies assigned and the fine in the previous period, and also the period number. 
In the treatments with tradable permits, we also include the permit price in the previous 
period, the individual risk attitude measurement (from risk-loving to risk-averse) and the 
NEP measure (from anti-ecological to pro-ecological). These scales are defined above.

Because firms with dirtier technologies obtain higher gains from adopting new technology, 
we expect that the probability of adoption diminishes for firms with cleaner technologies. More 
specifically, we expect discrete jumps in adoption when moving across technologies (particularly 
between T2 and T3 representing the border between adoption and non-adoption at the social opti-
mum). The results reported in Table 6 confirm this hypothesis for all implemented treatments.17

17 We use a t-test to compare the coefficients for every technology between full and weak enforcement. 
When the policy instrument is an emission tax, we find that weak enforcement statistically decreases the 
probability of adopting the new technology when firms have initially been endowed with T3 only under low 
monitoring (FE&LM vs. WE&LM). On the other hand, in the case of tradable permits, weak enforcement 
statistically decreases the probability of adopting when firms have initially been endowed with T4 under a 
low monitoring scenario (FE&LM vs. WE&LM). Weak enforcement statistically increases the probability 
of adopting the new technology for firms using initial technology T3 under high monitoring (FE&HM vs. 
WE&HM).

16 A Wilcoxon signed test shows a statistically significant difference between observed and expected invest-
ment rates in all treatments with full or weak enforcement and initial technologies.
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Regarding additional results on the treatments using tradable permits, we find risk 
attitude is relevant only if the regulator induces full compliance using high monitoring 
(FE&HM). In this case, risk aversion increases the probability of adopting the new tech-
nology. Some factors significantly contribute to increasing adoption probability under 
weak enforcement and low monitoring (WE&LM). These are (1) observing higher permit 
prices in the past, (2) having a pro-ecological attitude (elicited using the NEP), or (3) being 
fined in the previous period.

4.2  Real Emissions

In this section, we discuss how weak enforcement affects firms’ emissions. Figure 4 dis-
plays average real emissions per firm technology for all implemented treatments under full 
and weak enforcement. Given our results on the effect of weak enforcement on technol-
ogy adoption, we expect an increase in emissions under weak enforcement. We expect this 
result in particular when the regulator controls emissions using emission taxes under a high 
monitoring strategy because the effect of weak enforcement resulting in under-investment 
is stronger.

Contrary to Caffera and Chávez (2016), our results show that weak enforcement sig-
nificantly increases firms’ real emissions for both high and low monitoring and control 
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Fig. 4  Average individual real emissions ( ei ) per initial technology and treatment for tradable permits (top) 
and emission taxes (bottom)
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instruments.18 Using a K-S test, we can reject the null hypothesis that the two samples are 
drawn from the same distribution comparing real emission under full and weak enforce-
ment for the two monitoring strategies and both permits and taxes.

Recall that Hypothesis  4 states that under different enforcement strategies resulting 
in the same permit price or emission tax, we should observe the same emission levels. 
Instead, our results show that, although weak enforcement does not affect the emission tax, 
it significantly increases firms’ emissions compared to full enforcement. This allows us to 
reject Hypothesis 4 when emission taxes are applied. We also observe statistically higher 
emission levels under low monitoring strategies with full enforcement. However, under 
weak enforcement, this effect is reversed, leading to higher emissions under high monitor-
ing strategies.

In the case of tradable permits, weak enforcement reduces the equilibrium price (from 
53 ECU under full enforcement to 45 ECU under weak enforcement). Therefore, we expect 
an increase in emissions under weak enforcement, given the lower permit price. Our results 
confirm this conjecture. We do observe similar emission levels under high and low moni-
toring strategies with full enforcement. However, with weak enforcement, emission levels 
under low monitoring are statistically lower than those under high monitoring.

Hypothesis 4 states that the emission decision depends on a firm’s technology. Table 7 
shows the result of a pooled panel estimation of the observed emissions to determine the 
effect of a firm’s technology decision on real emissions. For explanatory variables, we 
include dummies for the technologies used by firms when deciding on emissions, fines in 
the previous period, and the period number. In the treatments with tradable permits, we 
also include the permit price, the individual risk attitude measure (from risk-loving to risk-
averse) and the NEP measure (from anti-ecological to pro-ecological).

Our results clearly show the influence of firm’s technology on its emissions decision 
making. We observe that in all enforcement and monitoring strategies for both tradable 
permits and emission taxes, the amount of emission units reduces as we move from firms 
using T1 (considered our baseline) to firms using cleaner technologies, especially in the 
case of those that adopted the new technology (technology Ta ). For tradable permits, we 
observe the significant effect of (an increase in) the permit price in reducing emissions, 
under weak and full enforcement, and for the two monitoring strategies.

We summarize our findings as follows:

Result 5 Under tradable permits, emissions depend on the firm’s technology and permit 
price. Weak enforcement reduces permit prices, leading to an increase in emissions for 
both monitoring strategies. Hence, our results do not allow us to reject Hypothesis 4 for 
tradable permits.

Result 6 Under emission taxes, emissions depend on a firm’s technology. However, weak 
enforcement leads to significantly higher emissions for both monitoring strategies. There-
fore, our results allow us to reject Hypothesis 4 for emission taxes.

18 Using a Mann Whitney test (M–W test), we can reject the null hypothesis that there is no difference 
between the average emissions under full and weak enforcement for the two inspection probabilities imple-
mented under tradable permits and emission taxes.



445An Experimental Analysis of the Effects of Imperfect Compliance…

1 3

Ta
bl

e 
7 

 P
oo

le
d 

pa
ne

l e
sti

m
at

io
n 

(w
ith

 c
lu

ste
re

d 
st

an
da

rd
 e

rr
or

s a
cr

os
s s

es
si

on
s)

 o
f e

m
is

si
on

s p
er

 tr
ea

tm
en

t u
si

ng
 T

ec
hn

ol
og

y 
T
1 a

s b
as

el
in

e 
(s

td
. e

rr.
 in

 p
ar

en
th

es
es

)

Th
e 

de
pe

nd
en

t v
ar

ia
bl

e:
 e

m
is

si
on

s i
n 

pe
rio

d 
t b

y 
fir

m
 i.

 *
**

, *
*,

 a
nd

 *
 d

en
ot

e 
si

gn
ifi

ca
nc

e 
at

 th
e 

1%
, 5

%
, a

nd
 1

0%
, r

es
pe

ct
iv

el
y

In
str

um
en

t
Tr

ad
ab

le
 P

er
m

its
Em

is
si

on
 T

ax
es

Tr
ea

tm
en

t
FE

&
LM

W
E&

LM
FE

&
H

M
W

E&
H

M
FE

&
LM

W
E&

LM
FE

&
H

M
W

E&
H

M

Te
ch

no
lo

gy
 T

2
–2

.6
07

*
–1

.8
65

**
*

–1
.6

25
**

*
–1

.9
09

**
*

–3
.6

57
**

–0
.8

28
*

–0
.1

92
–1

.7
71

**
*

(1
.4

88
)

(0
.4

83
)

(0
.4

89
)

(0
.4

13
)

(1
.8

50
)

(0
.4

37
)

(0
.8

05
)

(0
.1

49
)

Te
ch

no
lo

gy
 T

3
–4

.6
99

**
*

–2
.6

93
**

*
–2

.9
92

*
–3

.3
23

**
*

–4
.7

60
**

*
–2

.8
46

**
*

–2
.6

04
**

*
–3

.0
09

**
*

(1
.4

39
)

(0
.9

42
)

(1
.5

73
)

(0
.6

05
)

(1
.3

16
)

(0
.2

61
)

(0
.5

30
)

(0
.0

41
)

Te
ch

no
lo

gy
 T

4
–4

.8
23

**
*

–4
.1

27
**

*
–3

.9
06

**
*

–4
.5

06
**

*
–6

.8
68

**
*

–4
.4

18
**

*
–4

.4
07

**
*

–4
.5

76
**

*
(1

.7
39

)
(1

.0
12

)
(1

.2
25

)
(0

.7
21

)
(1

.5
78

)
(0

.1
08

)
(0

.3
08

)
(0

.5
77

)
Te

ch
no

lo
gy

 T
5

–6
.2

18
**

*
–5

.5
37

**
*

–6
.4

62
**

*
–6

.6
64

**
*

–8
.3

21
**

*
–5

.8
07

**
*

–6
.4

93
**

*
–6

.6
08

**
*

(1
.4

17
)

(1
.2

93
)

(0
.9

27
)

(0
.7

32
)

(1
.9

68
)

(0
.1

98
)

(0
.3

06
)

(0
.2

97
)

Te
ch

no
lo

gy
 T

a
–1

0.
14

6*
**

–4
50

**
*

–9
.3

82
**

*
–1

0.
07

8*
**

–1
2.

80
9*

**
–1

0.
59

6*
**

–9
.6

36
**

*
–1

0.
17

1*
**

(2
.1

16
)

(1
.1

05
)

(0
.6

33
)

(0
.5

49
)

(1
.5

01
)

(0
.0

20
)

(0
.2

36
)

(0
.3

68
)

Pr
ic

e
–0

.0
41

**
*

–0
.0

26
–0

.0
30

**
–0

.0
50

*
(0

.0
12

)
(0

.0
21

)
(0

.0
12

)
(0

.0
30

)
R

is
k-

at
tit

ud
e 

m
ea

su
re

–0
.3

70
*

0.
17

6*
**

–0
.2

89
**

–0
.3

01
(0

.2
09

)
(0

.0
60

)
(0

.1
37

)
(0

.2
38

)
Ec

ol
og

ic
al

-a
tti

tu
de

 m
ea

su
re

–.
00

63
0.

03
8*

**
–0

.0
39

*
0.

02
9

(0
.0

53
)

(0
.0

14
)

(0
.0

22
)

(0
.0

48
)

Fi
ne

 t–
1

–0
.4

68
0.

60
7*

–0
.1

08
0.

07
0

0.
12

3
0.

21
7

–0
.2

50
0.

10
4*

**
(0

.6
00

)
(0

.3
25

)
(0

.6
65

)
(0

.1
02

)
(0

.2
36

)
(0

.1
35

)
(0

.3
42

)
(0

.0
39

)
Pe

rio
d

0.
14

6*
**

–0
.0

24
–0

.0
45

0.
05

9
0.

05
3

0.
00

7*
**

0.
02

5
0.

13
1*

**
(0

.0
44

)
(0

.0
74

)
(0

.0
79

)
(0

.0
89

)
(0

.1
09

)
(0

.0
00

)
(0

.0
18

)
(0

.0
05

)
C

on
s

21
.3

99
**

*
12

.9
39

**
*

19
.2

17
**

*
17

.8
02

**
*

16
.1

57
**

*
15

.2
12

**
*

12
.7

48
**

*
14

.6
40

**
*

(2
.4

42
)

(1
.9

24
)

(1
.1

42
)

(1
.2

52
)

(0
.9

41
)

(0
.0

43
)

(0
.3

95
)

(0
.7

26
)

ov
er

al
l R

2
0.

53
2

0.
60

5
0.

59
1

0.
59

5
0.

76
1

0.
70

4
0.

64
7

0.
74

8
N

25
9

24
3

22
1

26
1

20
6

21
6

21
6

21
6



446 L. Vidal-Meliá et al.

1 3

4.3  Violation Behavior

Recall that firms decide on both their real emissions and those reported to the regulator 
in the form of permits held or tax payments. This means that firms keep a record of their 
compliance level (and its cost) under tradable permits, while they pay taxes proportionally 
to the number of their reported emissions under emission taxes. When deciding on the 
number of permits held or reported emissions, subjects should consider that the regulator 
will inspect them with probability � paying the corresponding fine F(vi) if a positive viola-
tion level is discovered. Figure 5 shows the average observed violation level depending on 
the technology used by firms in all implemented treatments.

In Hypothesis 5, we observe higher violation rates under weak enforcement compared to 
the treatments with full enforcement, independent of the monitoring strategy and emission 
control instrument used by the regulator. However, when comparing violation rates under 
high and low monitoring, and using the K–S test, we show that with full enforcement, we 
reject the null hypothesis that the distribution of violation rates is the same under high and 
low monitoring (FE&HM vs. FE&LM). Along the same line, under weak enforcement, we 
observe significantly higher violation rates under high monitoring compared to low moni-
toring (the K–S test rejects the null hypothesis of equal distribution comparing treatments 
WE&HM and WE&LM).

Comparing high and low monitoring strategies related to emission taxes, we observe 
differences in decisions on violations. Under full enforcement, the violation levels 
observed are higher for low monitoring than for high monitoring. Conversely, under weak 
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Fig. 5  Average individual violation level ( vi ) per initial technology and treatment for tradable permits (top) 
and emission taxes (bottom)
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enforcement, violation levels are higher under high monitoring compared to low moni-
toring (i.e., the violation levels for WE&HM are higher than that for WE&LM).19 These 
results are in line with Friesen (2012), who finds that increasing the severity of punishment 
is a more effective deterrent than an equivalent increase in the probability of punishment. In 
our experimental design, fines follow this order FE&LM>FE&HM>WE&LM>WE&HM.

Hypothesis 5 states that a firm’s decision making on violation (or compliance) does not 
depend on the firm’s technology. Table 8 shows the result of a pooled panel estimation of 
the observed violation levels to determine the effect of a firm’s technology on decisions 
related to violation. For explanatory variables, we include dummies for the technologies 
used by a firm when deciding on emissions, the fine in the previous period, and the period 
number. In the treatments with tradable permits, we also include the permit price, the indi-
vidual risk attitude measure (from risk-loving to risk-averse), and the NEP measure (from 
anti-ecological to pro-ecological). Our results clearly show the effect of a firm’s technology 
on its decisions on violation. We observe a significant effect of technology in all enforce-
ment and monitoring strategies for both tradable permits and emission taxes. In fact, the 
level of violation reduces as we move from firms using T1 (considered our baseline) to 
firms using cleaner technologies, especially for those who adopted the new technology 
(technology Ta ). With tradable permits, we observe a significant effect of risk aversion to 
reduce violation rates under high monitoring for both full and weak enforcement.

We summarize our findings in the following results:

Result 7 Weak enforcement increases a firm’s level of violation under tradable permits 
and emission taxes.

Result 8 Violation levels depend on the regulator’s enforcement strategy and the technol-
ogy used by a firm under the two monitoring strategies. Therefore, our results allow us to 
reject Hypothesis 5.

5  Conclusions

An essential concern for policy-makers is  designing effective policy instruments creat-
ing incentives for firms to adopt advanced pollution technologies. This paper investigates 
whether emission taxes and tradable permits in laboratory experiments provide efficient 
incentives for polluting firms to adopt cleaner technologies.

Comparing weak enforcement and its performance with full enforcement is an inno-
vation of our experiment that allows new understandings of the design characteristics 
of emission taxes and tradable permit instruments to promote dynamic efficiency. To 
evaluate tradable permits, we consider different treatments under full and weak enforce-
ment, where different compliance levels are induced in equilibrium. Additionally, we 
consider different monitoring strategies (high and low monitoring) to induce the same 
compliance level using different combinations of monitoring probabilities and fines.

19 Relying on the K–S test for full enforcement, we reject the null hypothesis that the two samples, 
FE&HM and FE&LM, are drawn from the same distribution. We also reject the null hypothesis of equal 
distribution comparing WE&HM and WE&LM under weak enforcement.
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Using Arguedas et al. (2010) as a theoretical benchmark, we find that a firm’s overall 
performance related to technology adoption is remarkably strong, although we observe 
some under-adoption by firms with dirtier technologies and some over-adoption by 
firms with cleaner technologies, in line with Gangadharan et al. (2013).

Regarding emission permits, the main result of our study is that weak enforcement 
reduces the number of firms adopting new technology, regardless of the monitoring 
strategy. This, in turn, significantly increases firms’ emissions and violation levels.

We find that permit prices are significantly lower than expected equilibrium prices. 
Further, as expected, and because of the existence of over-adoption for firms holding 
cleaner technologies and high levels of violation (i.e., both resulting in lower permits 
demands), there is excess supply pressure on permit prices, resulting in statistically sig-
nificant lower prices, particularly under weak enforcement as compared to the prices 
under full enforcement. These results hold for both low and high monitoring. Finally, 
we find that permit holding is significantly lower under weak enforcement compared to 
full enforcement and lower than the expected volume. This result is expected because a 
firm’s marginal valuation of emissions (and abatement) drives the bidding for permits 
under auctioning.

Regarding emission taxes, contrary to what Arguedas et al. (2010) predict, the results 
of our experiment suggest that firms may behave significantly different when con-
fronted with an exogenous emission tax and an inspection probability that induces full 
compliance; that is, under full enforcement as compared to firms facing weak enforce-
ment. More specifically, weak enforcement reduces the number of firms adopting the 
new technology except when a regulator implements a monitoring policy with a high 
inspection probability. Therefore, weak enforcement significantly increases emissions 
significantly related to the full enforcement benchmark, independent of the regulator’s 
monitoring strategy. As predicted by existing theory, weak enforcement significantly 
increases tax evasion regardless of inspection probability.

Overall, these results reflect the complexity of managing environmental policy 
instruments, emission taxes, and tradable permits in a dynamic context that allows for 
technology adoption under weak enforcement. The likelihood of striking high efficiency 
at industry and social levels is hampered by the many choices each firm must make, 
particularly given the uncertainty about permit prices and monitoring (i.e., probabil-
ity of inspection). Even with these many moving parts, a consistent result is that weak 
enforcement worsens policy efficiency because of lower adoption rates and higher vio-
lation levels. Our results, never explored in the literature, shed new light on the joint 
interaction among adoption incentives, government instruments, and compliance on 
environmental efficiency. These results should help improve the decision-making pro-
cesses of regulators, firm managers, and general stakeholders.
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