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Attitudes Toward Risk and Compliance in 
Emission Permit Markets 
Shaul Ben-David, David Brookshire, Stuart Burness, 
Michael McKee, and Christian Schmidt 

ABSTRACT. We investigate the effects of uncer- 
tainty and concomitant risk aversion as they im- 
pact the incentive structure and subsequent oper- 
ation of an emissions permit market modeled after 
the U.S. S02 market. Our theoretical results sug- 
gest that uncertainty dulls incentives to achieve 
cost savings through permit trading and inhibits 
efficient allocation of abatement efforts by firms. 
We test hypotheses in an experimental laboratory 
setting and find that the irreversibility of invest- 
ment in abatement technology may present coun- 
tervailing incentives for potential sellers of per- 
mits, resulting in a wait and see attitude toward 
adoption of efficient levels of abatement technol- 
ogy. (JEL Q28) 

I. INTRODUCTION 

There is lingering concern about the per- 
formance of the SO2 discharge permit market 
and the extent to which potential cost savings 
have been realized. These concerns are tied 
to a variety of structural market issues as 
well as to underlying aspects of uncertainty 
within and surrounding the SO2 permit 
market. 

We focus on the effects of uncertainty and 
concomitant risk aversion as they impact the 
incentive structure and subsequent operation 
of an emissions permit market modeled after 
the U.S. SO2 market. Our theoretical results 
suggest that uncertainty dulls incentives to 
achieve cost savings through permit trading 
and inhibits efficient allocation of abatement 
efforts by firms. Subsequently, we test 
hypotheses derived from the theoretical 
model in an experimental laboratory setting 
that captures some of the more salient fea- 
tures of the U.S. SO2 permit market. We fo- 
cus on the effects of uncertainty on firm be- 
havior as it affects ex-ante prices and trading 
levels, as well as market efficiency and find 
that irreversibility of investment in abate- 

ment technology may present countervailing 
incentives for potential sellers of permits, 
resulting in a wait-and-see attitude toward 
adoption of efficient levels of abatement 
technology. While this leads to a reduction in 
ex-ante expected cost savings, it may be ex- 
post optimal in view of the irreversibility of 
investment in abatement technology. 

II. BACKGROUND AND OVERVIEW 

Economists since Crocker (1966) and 
Dales (1968) have argued that a system of 
tradable discharge permits can achieve a 
given level of emissions reduction in a least 
cost fashion. Montgomery (1972) provided a 
formal proof of the cost efficiency of such 
systems. The passage of the 1990 Clean Air 
Act Amendments (CAAA) created the first 
large scale application of a system of trade- 
able emission permits, in this case intended 
to reduce sulfur dioxide emissions from fos- 
sil-fuel burning power plants. 

A significant motivating factor for the de- 
velopment of emissions trading is the per- 
ceived cost savings as compared to the com- 
mand and control approach. The General 
Accounting Office (GAO) initially antici- 
pated annual cost savings on the order of 3 
billion dollars (GAO 1994). Potential cost 
savings were viewed to be fundamentally de- 
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pendent upon the existence and efficient op- 
eration of a competitive market for permits, 
and early concerns as to the operational fea- 
sibility of permit markets led to some appre- 
hension. Hausker (1992) and Cason (1993) 
argued that if the S02 market were to per- 
form poorly, future policy might be biased 
against further permit market applications. 

Initial and subsequent concerns regarding 
the permit market were focused upon the ac- 
tual structure and operation of the market in 
terms of efficiency, participation, price lev- 
els, volume of trade, heterogeneity of market 
participants and issues of uncertainty. This 
generated a body of literature that utilized the 
experimental laboratory setting in lieu of ac- 
tual market performance data to explore fea- 
tures of the EPA auction and the SO2 emis- 
sions trading market. Specifically, Franciosi 
et al. (1993) investigated the auction mecha- 
nism; Cason (1993, 1995), Cason and Plott 
(1996) explored the underlying incentive 
structure, and the effect of market power was 
examined by Brown-Kruse and Elliot (1990). 
Recently, Cason (1997) focused on structural 
aspects of the market while Mestelman, 
Moir, and Muller (1993), Muller and Mestel- 
man (1993, 1994) and Godby et al. (1997) 
focused on trading behavior in complete in- 
stitutional settings. Ben-David et al. (1999) 
addressed issues of firm technological heter- 
ogeneity regarding operation of the SO2 
market. 

Of late efforts have been directed towards 
examining the ex-post performance of the 
SO2 market. Bohi and Burtraw ( 1997) have 
documented that emissions overall are being 
reduced beyond required levels, and there 
has been a decline from pre-market expected 
prices as well as actual market prices over 
time; e.g., during the pre-enactment period of 
the CAAA legislative debate expected prices 
declined from $1,500 to $750. Further, Bohi 
and Burtraw (1997), as well as Joskow, 
Schmalensee, and Bailey (1998), note that 
while initial market prices were expected to 
be in the $250 to 300 range, which they were, 
they subsequently fell to a low of $64 and 
have recently settled to a level slightly above 
$100.' Thus, hindsight indicates that ex- 
pected and observed historical price levels 
have declined and been volatile. 

Concerns regarding market operation have 
led researchers to examine ex-post trading 
volume as well. Burtraw (1996) and Conrad 
and Kohn (1996) note that the initial levels of 
trading volume were less than expected and 
consequently inadequate to achieve potential 
cost savings. While both Bohi and Burtraw 
(1997) and Schmalensee et al. (1998) ob- 
serve that trading volume is increasing, none- 
the-less, impediments to trading remain as a 
result of a number of other market factors 
(see, e.g., Bohi and Burtraw (1997) and Solo- 
mon (1998)). 

Various types of uncertainty remain as un- 
explored factors which may affect trading 
prices and volume and subsequently inhibit 
the ability of firms realize potential cost sav- 
ings. For example, existing regulatory uncer- 
tainty may foster increased reluctance on be- 
half of utilities to choose emissions permits 
as a compliance strategy, thereby foregoing 
potential cost savings (U.S. GAO 1994; Rose 
1995). Also the Federal Energy Regulatory 
commissions's failure to issue regulations in 
a timely manner as to the disposition of reve- 
nues from the sale of permits vis-a-vis the 
utility's rate base introduces additional un- 
certainty (U.S. GAO 1994).2 There may like- 
wise be uncertainty with regard to the exact 
quantity of permits ultimately to be issued by 
the EPA.3 Finally, the political context in 
which environmental policy is formed often 
leads to discrepancies between the announce- 
ment and ultimate implementation of policy 
(Hausker 1992).4 

Our focus is an attempt to explore the spe- 
cific effects of uncertainty in the market 

I See Bohi and Burtraw (1997) for a discussion of 
the factors affecting price movements and their Table 
1 for a presentation of allowance prices over time (69). 

2 However, in a recent analysis, Bailey (1998) con- 
cludes that there is no evidence to support the hypothe- 
sis that regulatory activity has hindered the efficiency 
of allowance markets. 

3 Due to ambiguous wording regarding the eligibil- 
ity for permits during Phase II, the possibility exists that 
up to another million permits may be available to the 
electric utilities after the year 2000 (U.S. GAO 1994). 

4 While the CAAA calls for the reduction of SO2 
emissions by over 50% in the year 2000, lobbying by 
the affected industries can result in extended deadlines 
or relaxed standards. For example, in the 1970s the au- 
tomotive industry obtained extensions for meeting the 
Clean Air Act emissions and fuel efficiency standards. 
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place on prices, trading volume, and the sub- 
sequent implications concerning firms' abil- 
ity to realize cost savings. Initially, we for- 
mulate an analytical model that addresses 
individual firm behavior when future permit 
prices are uncertain and subsequently test our 
theoretical results in an experimental setting 
designed to reflect some of the more salient 
features of the current SO2 market.5 This aug- 
ments the Ben-David et al. (1999) analysis 
in directly exploring particular features of the 
U.S. SO2 market.6 

The analytical model characterizes firms' 
optimal compliance strategies in terms of 
levels of investment in abatement technolo- 
gies and the degree of reliance on the permit 
market. The model results indicate that risk 
averse sellers of permits abate less under un- 
certainly than under certainty, while con- 
versely, risk averse buyers of permits abate 
more vis-a-vis the deterministic case. Since 
sellers of permits abate less, they supply 
fewer permits, and the market supply of per- 
mits shifts inward. Similarly, since buyers 
abate more, they demand fewer permits, and 
the demand curve for permits also shifts in- 
ward. This suggests a reduction in the equi- 
librium number of permits traded, but, in the 
absence of quantitative information concern- 
ing the potential role of prices as signals or 
transmitters of information, questions natu- 
rally arise concerning the effect of this inde- 
terminacy on the efficient operation of the 
permit market. 

Thus, our experimental laboratory effort 
focuses specifically on the effects of price 
uncertainty and concomitant risk aversion on 
ex-ante trading prices, trading volume, and 
realized cost savings. Our results indicate 
that firms may respond to uncertainty by 
adopting a "wait-and-see" approach with re- 
spect to certain decisions they feel they can 
feasibly postpone. While in general, uncer- 
tainty appears to have little effect on prices, 
trading volume and market efficiency, this 
may to some extent be a reflection of this 
wait-and-see attitude. 

III. MODEL AND HYPOTHESES 

The model represents the incentive struc- 
ture for a representative firm in an emission 

permit market insofar that marginal abate- 
ment costs differ amongst firms. Firms 
choose the optimal level of abatement which 
determines their optimal holdings of permits. 
This in turn determines their net demand/ 
supply of permits vis-a-vis their initial hold- 
ings and, specifically, whether each firm will 
be a net demander (buyer) or supplier (seller) 
of permits. 

Firms are assumed to be risk averse and 
differ only in their abatement costs; hence 
firms are identified by their abatement cost 
functions.7 Let firm i's abatement costs be 
given by Ai(q), where q is the quantity of pol- 
lutant abated and Ai(q) is monotonic increas- 
ing and convex. Let ai(q) be the correspond- 
ing marginal abatement cost. Let qo represent 
100% abatement and qa the amount of abate- 
ment in the absence of trading (e.g., under 
uniform standards) so that q _- qa represents 
status quo emissions. As we assume that 
firms are initially in compliance q _- qa is 
also the initial number of permits held by the 
firm. Let permit prices be given by p, a ran- 
dom variable with probability densityf(p) on 
some finite support with the mean of the dis- 
tribution given by E(p) = g. We represent 
the case of no price uncertainty by Pr{ p = 
g)} = 1. The firm receives (exogenous) reve- 
nues R. For a firm facing certain permit 
prices and abating at the level 

qi, 
profits (II) 

are given by 

5 However other research that investigates the per- 
formance of an emissions permit market under a spe- 
cific institutional setting includes Godby et al. (1997), 
Mestelman, Moir, and Mueller (1993), Muller and Mes- 
telman (1993, 1994) and Cason and Gangadharan 
(1998). 

6 Ben-David et al. (1999) focuses on the structural 
aspects of heterogeneous abatement technologies in the 
industry and possible implications for overall market 
operation and efficiency. The current effort explores the 
behavioral implications of various possible degrees of 
risk aversion on the part of firms in so far that there 
might be differential effects on incentives vis-h-vis ex- 
ante buyers or sellers of permits. The analyses are es- 
sentially non-comparable as the treatments are induced 
by opposing market structures in the former and alterna- 
tive manifestations of uncertainty regarding permit allo- 
cations in the latter. 

' The identical firm assumption is inconsequential 
and is invoked for expositional purposes in order to 
simplify notation. The results generalize directly in 
most cases including differing degrees of risk aversion 
and differing probability beliefs. 
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(qj 

H(q) = R + [j - 
ai(q)]dq, [1] 

which can be rewritten as 

qj 

H(qi) 
= R + [qi- qa] - ai(q)]dq. [2] 

Observe that if the firm sells permits 

(qi 
> q,) then the second term of the right- 

hand side of [2] denotes the revenues from 
the sale of permits, and the last term on the 
right-hand side denotes the cost of additional 
abatement required in order to stay in com- 
pliance. In a similar fashion, if a firm buys 
permits (q, < qa), then the second term on 
the right-hand side is negative, representing 
the cost of additional permits purchased, 
while the last term is positive, representing 
the cost savings from reduced abatement. 

Maximizing with respect to yields the nec- 
essary condition 

al(qi)/1qj = g - a1(qi) = 0 [3] 

at q, = qi where qC is the profit maximizing 
level of abatement for firm i. Thus, the mar- 
ginal cost of abatement is the same for all 
firms and equal to the equilibrium price of 
permits. Clearly if ai(qa) < 

, 
then firm i in- 

creases abatement vis-a-vis the status quo 
and sells the excess permits, and if ai(qa) > 
gi then firm decreases abatement and buys ad- 
ditional permits to support the reduction and 
remain in compliance. 

Now consider the case where the price of 
permits is random. We assume that all firms 
are risk averse. Firms maximize expected 
utility given by 

EU(I-(qi)) = 

[R +q[p- ai(q)]dq(p)dp, 
[4] 

where dU/dq = U'(q) > 0, dU/dQ = U"(q) 
< 0 (risk aversion) and 

H(qi)) = R + [p - a(q)]dq. [5] 

Observe that for a seller, 

-i(qi)]/p 
= 

qi 
- 

qa > 0, [6] 

while for a buyer, 

ar-(qi)/p 
= qj - qa < 0. [7] 

Finns choose qj = 
qi 

so as to maximize ex- 
pected utility [4] so that marginal expected 
utility is zero, or equivalently that 

E[U'(1-(q1))(p - ai(q,))] = 0. [8] 

We then state the following proposition.8 
PROPOSITION: A risk averse seller (buyer) 

facing price uncertainty will abate less 
(more) than under certainty; i.e., q' < (>) 

qC. Several points can be inferred from the 
analysis. The presence of price uncertainty in 
a permit market will lead sellers to reduce 
their abatement levels, thus shifting the mar- 
ket supply curve for permits inward. Buyers 
respond to uncertainty by increasing abate- 
ment and reducing the need to obtain permits 
in the permit market. As a result, the market 
demand curve for permits will shift inward 
as well. The size of the relative shifts in the 
two curves cannot be determined without 
specification of the demand and supply 
schedules as well as individuals' attitudes to- 
ward risk. As a consequence, the effect of ex- 
ante price uncertainty on equilibrium price is 
indeterminate. However, if buyer and sellers 
of permits are equally affected, then one 
would expect no change in equilibrium price. 
This leads us to propose the following hy- 
pothesis: 

HYPOTHESIS 1: Under uncertainty, the ex- 
ante9 observed trading prices of permits will 
be the same as under certainty. 

Since both the demand and supply sched- 

' This proposition extends a result due to Sandmo 
(1971). The proof of the proposition appears in Appen- 
dix A. The proposition generalizes to the case of in- 
creases in uncertainty as well, where an increase in un- 
certainty is taken to be a mean preserving increase in 
the spread of the probability distribution. 

9 In the experimental analysis we consider only ex- 
ante observed trading prices, that is, prices observed 
prior to the time at which the true state of the world is 
revealed. 
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ules for permits shift inward, the model un- 
ambiguously predicts a reduction in the 
volume of permits traded under price uncer- 
tainty vis-a-vis certainty; we propose: 

HYPOTHESIS 2: Under uncertainty, the ex- 
ante observed trade volume will be lower 
than under certainty. 

The proposition also predicts a tendency 
for substitution of abatement effort from po- 
tential sellers to potential buyers of permits. 
Since marginal abatement costs for sellers of 
permits are less than the expected price of 
permits while the opposite is true for buyers 
of permits; that is, marginal abatement costs 
are no longer equal among firms. This sug- 
gests that abatement cost savings are less un- 
der price uncertainty than in the deterministic 
counterpart; equivalently, in terms of the ad 
hoc demand-supply analysis, the inward 
shifts of demand and supply lead to reduction 
in potential surplus. Our presumption is that 
these tendencies are reflected in the experi- 
mental setting so that realized cost savings 
are lower under uncertainty than in the deter- 
ministic case. This leads to: 

HYPOTHESIS 3: Ex-ante market efficiency'0 
is lower under uncertainty than under cer- 
tainty. 

We now explore the validity of these 
hypotheses in the context of the experimental 
investigation. 

IV. EXPERIMENTAL DESIGN 

The experiment is designed to investigate 
the impact of uncertainty in the SO2 market 
in terms of effects on the buyers and sellers 
of permits and the resultant implications for 
investment in abatement technology required 
to maintain compliance." Two types of un- 
certainty are induced separately: uncertainty 
regarding the time at which the permit allo- 
cation will be reduced, and uncertainty re- 
garding the magnitude of the reduction. 
These particular representations of uncer- 
tainty were chosen on the basis of their real- 
ism to the subjects and operationalism in 
terms of the experimental format. While 
quantity uncertainty is not generally "equiv- 
alent" to price uncertainty, for our analysis, 
with the linear abatement cost functions em- 
ployed in the experimental design, a simple 

change of variable leads one from a probabil- 
ity distribution over quantity to a probability 
distribution over price. Moreover, in this 
context, a mean preserving change in uncer- 
tainty with respect to quantity will also be 
mean preserving in price. 

Testing the hypotheses developed in the 
previous section requires an experimental de- 
sign that mimics as many of the more rele- 
vant features of the current SO2 market as 
possible, in particular, trading in both the 
mandatory EPA auction and additional vol- 
untary trades among firms as well as the re- 
duction of the number of permits allocated to 
firms corresponding to Phase II of the SO2 
market. In order to focus on the market fea- 
tures of interest to us, the experimental set- 
ting necessarily abstracts from many addi- 
tional market characteristics that would exist 
in the naturally occurring setting. Thus, firms 
are not required to specify an output level or 
price, nor is the quality of the output permit- 
ted to vary. In addition, entry and exit are not 
permitted, nor do any traders possess market 
power. Furthermore, the number of firms is 
held constant for Phase I and Phase II of the 
SO2 market, while in the actual Phase II mar- 
ket, in addition to the reduction in permit al- 
locations to each firm, the number of firms 
covered under the program is expanded. 

At the beginning of the session subjects 
are told that they each represent a firm pro- 
ducing a good requiring two inputs, capital 
and permits.12 Each firm receives (exogenous 
and fixed) revenues from the sale of the good 
produced through the underlying production 
process at the end of each of the ten trading 
periods in the session. The firm also receives 
an allocation of permits at the beginning of 
each period. Each firm faces three non-domi- 
nated production technologies requiring dif- 
ferent combinations of capital and permits to 

10 By market efficiency here we mean the ratio of 
cost savings realized in the experimental setting to po- 
tential cost savings; one might equally as well refer to 
this as laboratory efficiency. 

" The experimental instructions are available from 
the authors. 

12 In the experiments value neutral terms "pesos" 
and "coupons" were substituted for "capital" and 
"permits"; moreover in the following discussions, 
"subjects" will referred to as "firms." 

This content downloaded from 160.36.178.25 on Mon, 30 Mar 2015 00:42:52 UTC
All use subject to JSTOR Terms and Conditions

http://www.jstor.org/page/info/about/policies/terms.jsp


76(4) Ben-David et al.: Risk and Compliance in Emission Permit Markets 595 

produce a given level of output; thus, the 
lower the number the permits, the more capi- 
tal required, and conversely. 

The firm must choose its most preferred 
level of abatement and associated level of 
permit holdings given its subjective assess- 
ment of the trading price of permits. All firms 
initially operate at the first technology, that 
which requires the largest number of permits 
and the least amount of capital. The implied 
marginal cost for switching between technol- 
ogies differs among the firms that constitute 
the market; specifically, the (marginal) cost 
of switching technologies is a step function 
that differs among firms, and is constructed 
so as to be a discrete approximation of a lin- 
ear schedule. 

The experimental market consists of ten 
periods, each being divided into three 
stages." In stage I, 10% of each firm's alloca- 
tion of permits is withheld and are offered in 
a first-price, sealed-bid, discriminative reve- 
nue-neutral auction. In stage II, the firms 
choose to either buy or sell permits in a dou- 
ble-oral auction. Once the double-oral auc- 
tion is closed and firms are informed of the 
current balance of both capital and permits, 
then firms in Stage III choose a technology. 
A firm can only choose a technology for 
which it holds the sufficient number of per- 
mits. If a firm attempts to choose an inadmis- 
sible technology, that is, one not supported 
by a sufficient number of permits, it is auto- 
matically moved to the next technology that 
would put the firm into compliance. At the 
end of each period, firms receive information 
about their individual trading history-their 
balance of capital and permits, as well as 
their trading profits for that period. 

In an attempt to prepare subjects'4 for this 
rather complicated experimental design, each 
subject participated in two training sessions. 
As a common level of experience was impor- 
tant and sequence effects were to be avoided, 
subjects had to participate in all sessions. The 
payment of the subjects included a incentive 
mechanism aimed at reducing attrition. At 
the end of each session, subjects only re- 
ceived 75% of their earnings. The remaining 
25% of their earnings was held in escrow un- 
til the subject had completed all sessions. A 
subject completing all sessions received not 

only the accumulated 25% of the earnings, 
but also an additional $50 completion bonus. 
A subject failing to show up for a session 
forfeited both. This incentive mechanism 
worked fairly well as fewer than 10% of the 
subjects dropped out over the seven weeks. 

To test the effects of uncertainty on mar- 
ket operation, we developed a benchmark of 
the market's performance under certainty. 
The first treatment, in which the reduction in 
the number of allocated permits was pre-an- 
nounced, served as this benchmark. Termed 
the "certainty reduction" (CR) treatment, 
the initial allocation of permits was reduced 
by 40% in period six. The allocation re- 
mained at the reduced level for the remainder 
of the session. 

In the "uncertainty in timing" (UT) treat- 
ment, a 40% reduction in the initial alloca- 
tion of permits was equally as likely in any 
period from period four to period eight (in- 
clusive). Once reduced, the allocation would 
remain at the new lower level for the remain- 

"3 Prior to the each session, two "training runs" fa- 
cilitated (re)familiarization with the experimental de- 
sign. The first training session was used to familiarize 
the subjects with the mechanisms of each stage of the 
experimental market, that is, the discriminatory auction 
and the double oral auction. The second training session 
was used to familiarize the subjects with the interaction 
of the individual stages by running several short ses- 
sions of the market. For both training sessions, the sub- 
jects received a flat payment of $15 in order to encour- 
age experimentation with different strategies with being 
penalized for potential mistakes. 

14 The subjects were drawn from a group of about 
160 undergraduates, mostly economics and political 
science majors, from the University of New Mexico. 
Those students had responded to an written invitation 
to participate in an experiment. This group was 
screened for their ability to make economic decisions 
in a laboratory session using a monopoly experiment. 
The top 80 students from this screening made up the 
final subject pool. The subject pool was divided into 
two groups, one pledging to be available for either one 
Monday/Wednesday afternoon session or one Tuesday/ 
Thursday afternoon session over a period of seven 
weeks. The subjects remained in the same group during 
an entire session. The production parameters remained 
constant during the entire session, with the possible ex- 
ception of the number of permits allocated. While sub- 
ject mixture remained constant during a single session, 
subjects were mixed between different sessions. This 
was done in order to avoid possible collaboration and 
strategic gaming of subjects belonging to the same 
group over a set of sessions. The parameters were con- 
stant across replications. 
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der of the session. A ball drawn from a bingo 
cage at the beginning of the session deter- 
mined the period in which the actual reduc- 
tion would occur. 

In the "uncertainty in quantity" (UQ) 
treatment, the subjects were told that a reduc- 
tion in the number of permits allocated 
would occur in period six and that the alloca- 
tions would remain reduced for the remain- 
der of the session." The reduction could be 
either 35% or 45% of the initial allocation of 
permits, both events having probability one- 
half. The actual magnitude of the reduction 
was determined by drawing a ball from a 
bingo case at the beginning of the session. 
Five replications were run for each of the 
three treatments. 

V. EXPERIMENTAL TESTS 

In principle the determination of equilib- 
rium prices, trade volume, and market effi- 
ciency in each period is straightforward. 
From the production costs associated with 
each technology for each firm and the num- 
ber of permits that are allocated in the mar- 
ket, demand and supply schedules can be cal- 
culated which yield the equilibrium quantity 
and price for each period. Similarly, a bench- 
mark for abatement cost savings is calculated 
using the least cost technology profile for the 
industry. 

In the experimental framework these cal- 
culations are not quite this straightforward as 
abatement investment decisions, once imple- 
mented, are by design irreversible. The crux 
of this problem is that, contrary to the theo- 
retical model, the tatonnement mechanism is 
non-operative in the experimental frame- 
work, and trades can and do occur out of 
equilibrium. Consequently, firms can make 
"errors" by overinvesting in abatement tech- 
nology vis-ai-vis the cost minimizing industry 
technology profile, and, due to the irrevers- 
ible nature of investment, these "errors" 
cannot be rectified in later trading periods.16 
For our purposes, the importance of this dis- 
tinction is that when overinvestment in abate- 
ment capacity occurs, the original cost min- 
imizing solution is no longer attainable. 
Efficiency losses in the particular period are 
noted, but new equilibrium values and effi- 

ciency benchmarks must be calculated for 
the next period.'7 This process must be re- 
peated for any subsequent period in which 
overinvestment occurs: equilibrium prices, 
quantities, and in particular, efficiencies are 
following a moving target throughout the 
trading sessions.'8 

The conceptual basis for making these ef- 
ficiency comparisons and testing the hypoth- 
eses is fairly straightforward. The abatement 

15 In both the UT and UQ treatments, subjects were 
faced with a mean-preserving increase in uncertainty. 

16 These "errors" are not unique to the uncertainty 
formulation. Clearly they may occur in the certainty 
case as well. Our intent is to determine if the presence 
of uncertainty alters these tendencies in any systematic 
fashion. Of particular importance here is not only the 
fact that investment in abatement technology is irre- 
versible, but as well that the notion of compliance in 
the experimental framework is asymmetrical, mirroring 
that in the real world; that is, a firm in non-compliance 
(having too few permits for the given level of emis- 
sions) must abate more to be in compliance while a firm 
in overcompliance (having more permits than needed 
for its level of emissions) is not required to divest itself 
of excess permits. Allowing positions of overcompli- 
ance is in fact an intentional property of the experimen- 
tal model analogous to "banking" in the EPA permit 
market; permits are dated and must be surrendered only 
when they are used against an actual emission. 

17 In particular, this means that the calculated effi- 
ciency measure is "penalized" only once for given a 
"error"-in the period in which it occurs. Otherwise 
there would be an obvious double counting of efficiency 
losses. We pursue this thread in more detail below. 

18 The process of redefining the optimum when firms 
make irreversible "errors" might appear to bias this 
measure of efficiency relative to one wherein no such 
adjustment is made. This is a valid consideration as 
such an efficiency measure ignores past mistakes in pe- 
riods after the one in which the mistake was made. 
However, there is a valid counterargument. Once a firm 
makes an irreversible mistake the attainable cost min- 
imizing solution is revised, generally involving a differ- 
ent industry technology profile. If the efficiency mea- 
sure continues to be based on the original technology 
profile, then this efficiency measure would reflect effi- 
ciency gains for firm choices which represent mistakes 
vis-h-vis the revised technology profile. So the choice 
is between a measure of laboratory efficiency that in- 
cludes the cumulative effect(s) of past mistakes and re- 
wards future mistakes versus one that ignores the ef- 
fects of past mistakes (in periods after the one in which 
the mistake is made) but rewards the effects of future 
correct decisions. While a priori the choice between 
these metrics may not be clear to all, our attempts to 
employ the initial metric lead to a set of anomalous re- 
sults which, as it turns out, motivated the construction 
of the substitute metric. 
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cost-minimizing solution implies final hold- 
ings of permits for each firm and thus the 
volume of trade as well as equilibrium price 
(equal to the now uniform marginal cost of 
abatement).19 The conceptual ex-ante equilib- 
rium under uncertainty is given by the solu- 
tion to [8] and the market clearing condition 
that the sum of final holdings of permits 
equals the target level of emissions. 

Since the notion of optimality and hence 
the benchmarks are ex ante, they are deter- 
mined by risk attitudes of the individual sub- 
jects. However, these attitudes towards risk 
cannot be measured by the experimenter. The 
implication is that some experimental results, 
in particular those involving efficiency calcu- 
lations, are dependent on the unknown risk 
attitudes of the participants. Thus, an invest- 
ment decision may be "more efficient" un- 
der one risk aversion scenario than under an- 
other. In an attempt to address this problem, 
we posit several alternative assumptions con- 
cerning risk attitudes and use these notions to 
construct bounds on our efficiency measures. 

Under the assumption that all participants 
were risk averse, we posit two polar cases of 
attitudes toward risk averse intended to serve 
as bounds on the degree of risk aversion that 
might be observed for any individual.20 Thus 
we designate extreme risk aversion as the 
case where individuals behaved as if they ex- 
pected the worst possible outcome. Specifi- 
cally, they would behave as if they were in- 
different between the risky alternative and a 
certain alternative involving the worst out- 
come with probability one. The lower bound 
on risk averse behavior is risk neutrality. In 
this case all individuals behave as if they 
were indifferent between the risky alternative 
and a certain outcome equal to the expected 
value of the gamble. Thus, while we cannot 
calculate a single efficiency measure, as that 
would require knowledge of all preferences, 
we can calculate upper and lower bounds on 
the true (unobservable) efficiency measure. 

Two observations are in order at this time. 
First, it should be clear that the notions of ex- 
treme risk aversion and risk neutrality are 
just bounds on actual behavior and have no 
normative significance. Second, these no- 
tions are of relevance in the actual calcula- 
tions of efficiency measures in the results 

section below.21 The efficiency measures are 
ratios of the absolute value of deviations of 
realized from potential surplus divided by 
potential surplus. 

VI. RESULTS 

Hypothesis 1 states that ex-ante trading 
prices22 will be the same under uncertainty as 
in the certainty case. The average trading 
price in the first three periods of the CR treat- 
ment23 is 2.18 pesos versus 2.26 pesos for the 
corresponding periods of the UT treatment. 
In the first five periods of the CR treatment 
the average trading price is 2.19 pesos as 
compared to 2.54 pesos for the similar pe- 
riods of the UQ treatment. The results of both 
ANOVA and Wilcoxon rank sum tests24 fail 
to reject Hypothesis 1; thus, neither type of 
uncertainty affects ex-ante trading prices. 

Hypothesis 2 states that the ex-ante trade 
volume will be lower under uncertainty than 
under certainty. The three-period average 

19 It is straightforward to show that this is also the com- 
petitive equilibrium. 

20 While we are unable to ascertain individual atti- 
tudes toward risk, behavioral restrictions arise naturally 
out of the probability distributions over events in the 
experiments. These bounds or behavioral restrictions 
are defined in terms of different certainty equivalents. 

21 As a matter of peripheral interest, these bounds 
were employed only for the efficiency calculations per- 
taining to Hypothesis 3, this being necessitated as con- 
sequence of the fact that the base for comparison had 
to be recalculated in each time period. These consider- 
ations turned out to be inconsequential for Hypotheses 
1 and 2. 

22 The trading price reported in each period is the 
quantity weighted average of prices of all trades that 
occur during the period. The volume of trade is directly 
available from the experimental data; actual abatement 
costs are directly computed from this data as well. 

23 The CR treatment differs in the comparison be- 
tween the UQ and UT treatments, as in the former case, 
the average price is calculated for the first five rounds, 
while in the latter the average is calculated for the first 
three rounds only. That is, as only the ex-ante responses 
to risk are analyzed, the number of periods used to cal- 
culate the average differs from the previous one as the 
point of time at which uncertainty is introduced differs 
between the treatments. 

24 The ANOVA test assumes that the data are nor- 
mally distributed while the Wilcoxon rank sum test is 
distribution free. These tests were evaluated at 90% and 
95% confidence levels. However the results were robust 
to even lower confidence levels. 
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trade volume for the CR treatment is 148 
coupons and 161 coupons for the UT treat- 
ment in the corresponding periods. The five- 
period average trade volume for the CR treat- 
ment is 151 coupons as compared to 158 
coupons for the corresponding periods of the 
UQ treatment. ANOVA and Wilcoxon rank 
sum tests both reject Hypothesis 2. 

Hypothesis 3 states that market efficiency 
will be higher under certainty than under un- 
certainty. In the CR treatment the five-period 
average efficiency measure"2 is 1.62 whereas 
for the UQ treatment the five-period average 
efficiency measure lies in the interval26 (1.66, 
2.05). The three-period average efficiency 
measure is 1.95, whereas the three-period UT 
average efficiency measure lies in the inter- 
val (2.07, 2.63). ANOVA and Wilcoxon rank 
sum tests both reject Hypothesis 3. 

VII. SUMMARY 

The results of the experimental sessions 
have some interesting implications vis-a-vis 
the proposition in Section 2. The proposition 
suggests that sellers of permits will abate less 
(supply fewer permits) and buyers of permits 
will abate more (demand fewer permits), the 
consequence being an unambiguous decrease 
in the volume of permits with no clear pre- 
diction for permit prices. The experimental 
results suggest that uncertainty does not lead 
to decreases in trade volume and that ex-ante 
trading prices are unaffected by uncertainty. 
A plausible explanation for these experimen- 
tal results is that a mitigating factor may arise 
as a consequence of the irreversibility of in- 
vestment in abatement technology; this may 
lead to a countervailing incentive for poten- 
tial buyers to abate less and rely on the per- 
mit market until uncertainty is eliminated 
and then make whatever adjustments neces- 
sary. This "wait-and-see" strategy leaves 
firms in a more flexible position to make ex- 
post adjustments in terms of ultimate re- 
quired holdings of permits and abatement 
levels. 

While the explanation of the experimental 
results concerning market efficiencies can be 
given a similar interpretation, a more proba- 
ble rationalization arises out of consider- 
ations related to the nature of decisions made 

in the permit market. A pivotal factor is the 
nature and length of the decision making 
context. A participant in this market can 
make two kinds of errors: (1) errors of com- 
mission, in which an inefficient, but irrevers- 
ible, decision is made, and (2) errors of omis- 
sion, in which perhaps in an effort to avoid 
mistakes of the first kind, an individual fails 
to make an efficient decision. Therefore, the 
realized efficiencies may be dependent on the 
manner in which uncertainty disrupts the de- 
cision-making process. It is conceivable that 
in the UT treatment, due to the closer prox- 
imity of the reconciliation period, there may 
a stronger incentive to effect trades expedi- 
ently than in the UQ treatment, hence a more 
ostensible tendency for errors of both omis- 
sion and commission and a concomitant re- 
duction in realized cost savings. Alterna- 
tively by waiting for more information, firms 
may be foregoing abatement during earlier 
periods that in turn may lead to more costly 
compliance efforts later. Moreover, to the ex- 
tent that firms are uncertain about future per- 
mit market conditions they may also be un- 
certain about their future roles as potential 
buyers vis-a-vis potential sellers of permits. 
This may confound the decision-making pro- 
cess as the incentive to adopt a "wait-and- 
see" attitude toward investing in cleaner 
abatement technologies may be dependent on 
their perceived role as a potential buyer or 
seller which in turn is dependent on their 
subjective perception of the random process, 
differing attitudes toward risk not withstand- 
ing. This suggests the possibility that the 
reaction to uncertainty concerning future 
allowances of emission permits may be con- 
ditioned by behavioral responses to the im- 
plications of irreversible investment as well 
as attitudes towards risk. 

25 The efficiency metric is derived by summing the 
absolute values of deviations in the ratio of actual over 
optimal abatement costs from one in each period for the 
entire treatment. Thus, the higher the value derived 
from this metric, the lower the market efficiency in that 
treatment. 

26 In this interval (and the one that follows) the lower 
bound on efficiency is implied by universal risk neutral 
behavior while the upper bound is associated with uni- 
versal extreme risk aversion. 
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APPENDIX: 
PROOF OF THE PROPOSITION 

Equation [8] can be rewritten as 

E[U' (H(q'))p] = E[U'(H(q'))aj(q')]. [9] 

Subtracting from each side yields 

E[U'(Hl(q))(p - g)] = 

E[U'(H(q ))(ai(q ) - g]. [10] 

Consider first the case of a seller of permits. De- 
fine H(q) = R + 

fqa[g 
- ai(x)]dx.,Using this and 

[5] and [6] above yields H(q') > H(q') whenever 
p > g. In addition, U concave implies that U'(H 
(q')) < U'(lI(q')) so that 

u'(-l(qj))(p - gt) 
< 

U'(H(q,))(p 
- 

t) 
forp > gi. [11] 

For p < g, H(q) < H(q), and U concave implies 

U'(-(q?))(p - jg) 
< U'(H(q'))(p - gt) for p < p [12] 

as well. Thus, 

U'(l(q?))(p - gi) 
< U'(fI(q?))(p - gi) for all p. [13] 

Taking expectations yields 

E[U'(H(q?))(p 
- 

t)] 
< U'(fI(q'))E[p - g] = 0, [14] 

by definition of gi. The inequality in [14] and [10] 
implies E[U'(ni(q?))](ai(q?) - g) < 0 so that ai 
(q') < t for a seller. Since ai(qc) = g under cer- 
tainty, and ai(q) is increasing in q, we have the 
desired result; that is, a seller will abate less under 
uncertainty (q? < qC for i a seller of permits). 

If the agent i is a buyer of permits, then [7] 
implies al-(q)/1ap < 0. The argument above is re- 
versed so that ai(q') > g and hence q' > qC for 
i, a buyer of permits; equivalently, buyers of per- 
mits abate more under uncertainty. 
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