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Abstract. This research examines variations in institutional rules for

spatially dispersed pollution permit environments. A series of labora-

tory controlled experiments were employed using cash motivated human

subjects to trade pollution permits, under realistic economic and envi-

ronmental constraints.

Three market-based pollution control systems are analyzed. The

Emissions Permit System (EPS) and the Zonal Permit System (ZPS)

are controlling the pollution concentration by limiting the aggregate

level of emissions in the region or zone. The Ambient Permit System

controls pollution concentration by limiting the number of concentra-

tion permits available in the market. By controlling the concentration

directly, rather than using a proxy, in theory APS is capable of achieving

the ambient air quality targets at a lesser cost.

The performance of the emissions permit systems, such as EPS and

ZPS appears to be more robust than that of the concentration per-

mit systems like APS. The cost premium measure shows a statistically

significant deterioration for APS. However, the outcomes of the APS

system improved when certain aspects of experiment design and execu-

tion were addressed. The APS is characterized by much higher degree

of complexity as compared to EPS and ZPS, and a greater emphasis on

trading activity to improve the outcome due to low levels of efficiency

associated with the initial allocation of permits. Therefore learning and

experience play a crucial role in system performance. Improvement in

the APS performance were achieved by including a “Helper” and allow-

ing more complex bids, by allowing more repetition, and an iterative

bidding process.
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1. Introduction

The idea that air quality management can be more efficiently accom-

plished through the use of pollution permit trading systems in not new (see

(Pelles, 1968) and (Montgomery, 1972)). However, the implementation of

such systems is new. The design of the pollution permits being exchanged

and the market in which the permits are traded requires the integration of

environmental economics, game theory, operations research and experimen-

tal testing (see (Ledyard and Szakaly-Moore, 1994)).

To date only four major attempts at trading pollution rights have been

tried: lead reduction in gasolines, Emissions Trading Program (ERC), SO2

emissions trading, and Southern California’s Regional Clean Air Incentives

Market (RECLAIM) program.

In general, the trading volume in the ERC and SO2 emissions trading

program have been significantly below the predictions made at the beginning

of these programs, these markets have very few participants.

At least two studies have pointed out that the market design has been

a factor in the low volume of trade in the SO2 and the ERC markets. Es-

sentially, the markets being used are not designed to handle thinly traded

assets. Cason and Plott (1996) show that the EPA’s allowance auction de-

sign provides incentives to participants to strategically under-reveal their

willingness-to-pay and willingness-to-sell. In the ERC market Atkinson and

Tietenberg (1991) show that the broker market is essentially a sequential

bilateral trading market and that it cannot realize the gains from exchange

due to the combinatorial nature of the market. Specifically, sequential and

bilateral ERC trades between non-contiguous sources implies that air qual-

ity increases in one location and decreases in the other which can violate

standards imposed by State Implementation Plans. In order to obtain a true
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market equilibrium, simultaneous trading of permits by all firms that takes

into account location ambient standards is required. The ERC market was

not designed in this manner. Transaction costs of searching for sellers and

ensuring the feasibility of and ERC trade has resulted in large commission

fees and few trades. The ACE market for RECLAIM credits was designed

to overcome the thin market features.

2. Research Background

The last couple of decades have witnessed a growing international concern

about environmental issues, particularly with respect to pollution. A new

challenge has been placed on economics to be able to develop and eventu-

ally to implement appropriate environmental policies that could somehow

deal with this new constraint: the protection of the environment. From an

economic standpoint, the basic principle underlying environmental policy

is based upon the theory of externality, since the action of agents, be they

individuals or firms, affect the welfare of others by imposing external costs

to the society in form of pollution.

It is possible to identify three broad classes of policy instruments: the

first one relies on a central authority that supposedly is endowed with per-

fect information about the market conditions and can set the standards of

production (or consumption) for every agent. A policy that belongs to this

category is called Command and Control. Efficiency of the market is reached

only if the central authority has complete knowledge of the state-of-art tech-

nology available, and the marginal cost and the marginal benefit function

for the market affected by the externality. This requirement is strong.

An efficient allocation of goods can be attained under less stringent req-

uisites with a Market Incentive oriented policy. There are two alternative

instruments. A Pigouvian tax (or subsidy) is one way to correct the market



MARKET PERMITS 7

outcome for the inefficient final allocation due to the externality. A mar-

ket for emission permits is another possible option. These two policies are

related: as a matter of fact the pigouvian tax fixes the price of a unit of

pollution and allows the market to determine the amount of pollution sus-

tainable with that price. On the other side the emission permit system fixes

the quantity of maximum pollution to be discharged in a particular time

framework and in a given spatial context, allowing the market to decide

the price of the pollution. For a more extensive treatment of environmental

policies, see (Baumol and Oates, 1988) and (Tietenberg, 1995).

The theoretical formulation of the market for pollution permits goes back

to the paper by (Montgomery, 1972). In that paper he proved that mar-

kets in permits can attain equilibrium that will achieve externally set stan-

dards of environmental quality. Marketable emission permits also enjoy the

characteristic of inducing agents to innovate and adopt more environmental

friendly technologies. Regardless of its remarkable properties, the market

for emission permits has found it hard to reach popular consensus among

policy makers. In fact only few examples of this emission permit market can

be found in the real world, the biggest been the Environmental Protection

Agency (EPA) program to reduce sulfur dioxide (SO2) in the United States.

The main argument against this instrument is that it gives the polluters

the option to buy a right to pollute, a right that many people believe to be

immoral.

Theoretically there are two system of pollution permits: a system of pol-

lution licenses that defines allowable pollution concentrations at a set of

receptor points and a system of emission licenses that confers the right to

emit pollutants at fixed rates at the source. The former system is referred

to as ambient-based permit system (APS), whereas the latter is referred to
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as the emission-based permit system (EPS). These two systems serve dif-

ferent needs based on the characteristics of the pollutant objective of the

regulation. In fact not all the pollutants behave at the same way, and some

pollutants are controlled more efficiently with an EPS program, while others

requires an APS. Hence, for the design of trading programs for marketable

permits, an analysis of three pollutant classes is required.

The first class is the uniformly mixed assimilative pollutants, these pollu-

tants do not accumulate over time, and their ambient concentration depends

on the total amount of emissions but not on the distribution of the emissions

from the various sources. An example of this class of pollutants is volatile or-

ganic compounds that contribute to the formation of ozone. A cost-effective

allocation of these pollutants can be achieved by an EPS. A second class

of pollutant is the non-uniform mixed assimilative pollutants for which the

allocation of sources is critical since the sources clustered within a region

would lead to concentrated emissions and wind patterns could lead to the

transport of these pollutants to another geographical region. For this class

of pollutants, which include both air and water pollutants such as sulfur

dioxide, suspended particulates, and so on, an APS is required for a cost-

effective allocation. This system utilizes dispersion information in order to

model the spatial effects of trades on each receptor site. The last class of

pollutants is the uniformly mixed accumulative pollutants that accumulate

in the environment. An example of this class is chlorofluorocarbons. For

this class of pollutants, a system of cumulative emission permits (CPS) is

needed since, once the emission ceiling is reached, the permit allows no more

emissions.

Because of its simple mathematical tractability, scholars have mainly fo-

cused on the EPS, completely disregarding the other systems, with some re-

markable exceptions. The extensive available literature (see e.g.(Tietenberg,
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2004)) on EPS has been the starting point for many policy designs of permit

trading, regardless of the correct applicability of this system to the specific

pollutant to regulate. For example the actual program that manages the

emission of sulfur dioxide in Unites States is based on the EPS, even if as

earlier stated, this pollutant belongs to the non-uniform mixed assimilative

class, and the EPS is not the best way to deal with it. As (Tietenberg,

1974) demonstrated the efficiency properties of uniform effluent charges in

markets with spatial variability are invalidated. To bring the economy back

to an efficient condition we need to divide the space affected by the pollution

in sub-spaces characterized by the same damage function. Firms have to be

charged differently according to which sub-space their affluent go to (via a

diffusion matrix).

(Nagurney, 1999) and (Nagurney and Dhanda, 1997; Nagurney et al.,

1997) provide the conditions for the existence of equilibrium in the pollution

permit market within a spatial framework. Using the variational inequality

approach they show that if the objective function is Lipschitz continuous1

with first derivative coercive2 then such equilibrium exists. The conditions

for a plethora of market scenarios have been derived: first the equilibrium

for a single-product, single-pollutant firms, either perfectly competitive or

oligopolistic in their product market. Further they develop such exten-

sions as the incorporation of multiple products and pollutants, the presence

1A function is said Lipschitz continuous is there exist a positive constant L such that
‖F (x′)− F (x′′)‖ ≤ L‖x′ − x′′‖.
2A function is said to be coercive if

(F (x)− F (x1))(x− x1)

x− x1
→∞ as ‖x‖ → ∞ for x ∈ K and for somex1 ∈ K.
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of transaction costs, the availability of investment of production technolo-

gies and emission-abatement technologies, as well as, the the issues of non-

compliance versus compliance. Solution algorithms and numerical examples

are also given in these studies.

Griffin generalized this scenario to the case with persistency. He shows

that the relative merit of price-guided policies (subsidies, taxes, charges,

markets) over the quantity-guided policies (standard, ambient requirement

quality, or production practices) does not hold any more when persistency is

brought into play, since they both require exactly the same amount of infor-

mation. The social objective to obtain an arbitrary environmental standard

(which may vary by zone) at the least cost is modeled inside the framework

of optimal control theory. The solution to this problem yields trajectories

for spatially dependent economic incentives, where the least-cost incentive

for each firm is the firm’s marginal rate of contribution to each sector’s envi-

ronmental degradation, summed across all sectors weighted by the marginal

value of each sector’s present stock of pollution. This equilibrium condi-

tion determines the emission pollution price for every period. But, since

the stock of pollution changes over time, the social object function is not

constant, and the society cannot recursively revise the economic incentives

every time if a certain target is over or under-achieved. Hence to make sure

that a certain goal is met, the trajectories function has to be known ex-ante.

Both of these critiquesapply to the EPS, and they show the inefficiency

of regulating all kinds of pollutant with this instrument. At the same time

they evidence the lack of a more detailed analysis of the other two permis-

sion systems and they call for the need of further investigations. We could

not make any effective policy evaluation without a complete understanding

of the theoretical and empirical properties of the APS or CPS. A clearer

understanding of the specific role of each system is also necessary. As a
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matter of fact a number of articles have analyzed the presumed efficiency

(or inefficiency) of the EPA program for SO2 emissions. All these studies

have focused on the wrong issue: the problem is not in the specification of

the design of the program, but rather that the wrong design has been used,

because of the spatial implication associated with the emission of SO2 in

the atmosphere.

Most permit designers would agree that the design of an EPS is much

easier. However, since following an impossibility theorem (see Appendix A.)

we already need to resign to a second best world, the development of new

instruments to accomplish the goal of implementing APS or CPS-systems

is a must if we do not want to come down to a third best. But even in a

world of second best, where an environmental target is somehow exogenously

determined, there is no guarantee that this goal will be efficiently reached.

The design of an institution to implement a policy is a delicate work even

at a second best level. A poorly designed institution could have undesirable

consequences3, and since it is costly to the affected society to change and

modify the features of an institution until the most efficient mechanism is

adopted, experimental economics represents a formal, replicable and rela-

tively inexpensive alternative to test a mechanism before its implementation.

Experimental economic research in emission permit markets have been

going on for almost two decades. After early work showed the superiority of

the emission permit trade over a simple standard in a command-and-control

type of economy, the experimental designs have increasingly become more

and more complex. This complexity captured new features of the emission

3It is been shown, for example, that the way the EPA runs the auction for SO2 emission
permits is inefficient because agents face an incentive to under-report their bid, since
they pay what they bid the auction is discriminative [see (Kline and Menezes, 1999),
(Cason, 1995)]. However there is also evidence that the arbitrage between this auction and
the continuous market for permits dissolved the negative effect of the strategic behavior
(Joskow et al., 1998).
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permit markets. This need came not as an intellectual exercise, but as a

useful instrument to address recommendations to emission permit programs

that started to be implemented in the 1990’s.

Most of these studies are ex post analysis of mechanisms that have been

already implemented4, the EPA emission permit market for SO2 and Cana-

dian program for Nitrous Oxide reduction. In (Franciosi R. et al., 1999) an

attempt is made to test the efficiency of the EPA emission market for SO2.

Following the design of the program, their experiment consists of 12 trad-

ing periods, with a reduction in the number of permits distributed by the

central authority at the fourth period, that is ex ante known to everybody.

Every period is divided in two phases. In the first phase subjects can freely

trade their permits in a decentralized double auction market5. Subsequently,

in a sealed bid discriminative auction with a revenue neutral rebate rule6,

subjects need to trade their share of mandatory permits for sale, plus any

other voluntary quantity. Bids are ranked from highest to lowest, and offers

from lowest to highest. The highest bid is matched with the lowest offer and

the successful bidder pays the offer amount (?? bid). This work finds that

efficiency is improved by trading but that pricing in the secondary market

may not coincide with those in the centralized auction. This should open

opportunities of arbitrage between the two markets, but they find that sub-

jects do not fully take advantage of this possibility. This price behavior is

observed in the field market also (see (Cason, 1999)). They also find some

evidence that banking of permits may allow speculative bubbles. This hy-

pothesis is also supported by (Cason, 1999). The last finding of (Franciosi

R. et al., 1999) regards the gain in efficiency under trading-only regime and

4(Isaac and Holt, 1999).
5The EPA requires any private transaction of permits to go through the Chicago Board
of Trade.
6This represents the EPA government-operated auction.
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under the banking and trade mechanism. They find that “[d]espite their

potential for increase in efficiencies, the banking experiments do not have

actual efficiency, which are greater than the no-banking experiment.”

A much higher level of efficiency gain is, instead, reached in (Cronshow

and Brown–Kruse, 1999), even when the two sets of experiments use the

same parameters (56.3 percent versus 26.4 percent in (Franciosi R. et al.,

1999)). The institution is slightly different: there is only one auction, the

government operated one. Buyers always pay their bid. Sellers receive an

average price on the mandatory units, and the full amount on the voluntary

exchange. This leads us to conclude that concentrating the information in

only one auction seems to improve the efficiency of the market.

But the issue if the discriminative price auction is the best possible in-

stitution is still an open question. Cason (1995) investigates this topic. He

proceeds to demonstrate that the EPA auction rules induce sellers to choose

an asking price for permit that undervalue their cost of emission control.

In Cason and Plott (1996) they prove that a uniform price auction is more

efficient than the mechanism adopted by the EPA.

Carlson and Sholtz (1994) introduce uncertainty in their experiments.

The introduction of this feature gives theoretical support to the need of

having some form of banking in an emission permit institution. All the

previous experiments, in fact, proved that banking reduces trading efficiency.

But when uncertainty is introduced there is a strong tendency for price of

permits to become very unstable if banking is not allowed. They show also

that a scheme of overlapping expiry dates on pollution permits overcome

this instability.

The Canadian proposal of a mechanism design for nitrogen oxide emis-

sion permit program differs in a number of ways. First of all there are no

mandatory units for sale. Plus it includes two markets: one for permits and
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the other for the shares. A share is an entitlement to a specified fraction of

the total available permits to be issued in the future periods. The proposal

does not recommend any particular trading institution for shares and per-

mits. Private negotiations among interested parties are expected to result

in trades and ultimately, perhaps, in a formal market for these assets. In a

world of complete and perfect contingent future market in permits, shares

trading would be redundant. But the American experience has shown that

this market has not been created. (Muller et al., 1999) look at the properties

of this market institution. To capture the features of the Canadian program

they incorporate an open outcry market for permits and shares, with the op-

portunity for traders to privately negotiate contracts. Contract prices were

not made public systematically. This experiment was administered manu-

ally. To be able to make comparisons with the American results, Muller and

Mestelman use the same parameter set as in the previous papers. They find

that the Canadian institution performs better than the EPA program with

an efficiency gain of 74 percent. However the market prices did not reflect

the marginal costs of abatement. This shortcoming may be due in part to

the lack of complete information about trading price.

These results led to an extension of this study that looks at the effects of

making information about price publicly available. In (Golby et al., 1997)

subjects trade permits and shares in a computerized double auction market.

Given the complex environment in which subjects need to make decisions,

they provide subjects with two decision support devices: the planner com-

putes the operating-cost-minimizing allocation of an arbitrary holding of

shares and permit, simulating the activity of an operations research depart-

ment in a firm. The wizard computes the current marginal value of coupons
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and share, avoiding a potentially misleading presentation of the market value

of the coupons7.

They run a large scale systematic test of the effect of the bankable permits,

tradable shares and uncertainty in a 2 × 2 × 2 factorial design. Since they

use a different parameters set, direct comparison with previous results are

not possible, but nevertheless their experiments achieve 90.5 percent of all

possible gain in the certainty case, and 90.07 percent in the uncertainty case.

They also find that tradable share significantly raises the efficiency in the

market, and lowers the trading volumes of the permits.

Ledyard and Szakaly-Moore (1994) are interested in something slightly

different: Given a set of politically viable permit trading mechanisms what

is the most efficient? They concentrate on two of the possible politically

feasible: the Revenue Neutral Auction (RNA) adopted by the EPA and the

Double Auction (DA) with grandfathered initial allocation. Both processes

would gain popular acceptance, because participants are not forced to pay

for what used to be free. Ledyard and Szakaly-Moore challenge the Hahn

and Noll (1983) paper that explains why a RNA would increase the market

performance in situation of limited number of buyers and sellers or when

one agent owns a significant portion of the transferable rights. The results

of a set of experiments run at Caltech confirm their hypothesis that the DA

performs better than the RNA in both the competitive and monopolistic

environment.

All the papers reviewed so far focus or apply mostly to the EPS. However,

as earlier stated, the EPS applies only to a small number of pollutants. An

7The original program used by Franciosi et al. (RNA3) presents subject with a redemption
value uncorrected for banking decisions. For example a subject in the first period might
hold 6 permits with the intention of banking 2 and using 4 in the current period. The
marginal value of the additional coupon in the first period is the redemption value of the
5th coupon. RNA3, however, flags coupon 6 as owned and thus suggests to the subject
that the marginal value of an additional coupon is the lower redemption value of the 7th

coupon. This may have led subjects to undervalue and overuse coupons.
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efficient control for most of the pollutants requires an APS. There is only one

emission-trading program that tries to implement the features of an APS.

This program is the Regional Clean Air Incentive Market (RECLAIM) cre-

ated in the early 90’s by the South Coast Air Quality Management District

(SCAQD) in the geographical area around Los Angeles. The SCAQMD

created 136 different permits. A permit can differ from another because it

refers to a specific pollutant (nitrogen rather than sulfur oxide); because it

relates to one of the two land zones8 (upwind and downwind); because it

belongs to one of the 17 separate years from 1994 to 20109; or for each of

the two compliance cycles10.

The highly complex environment in which agents have to make decisions

is complicated even further because the emission trading markets are gener-

ally very thin, making price discovery difficult. This intricate environment

places a tough challenge on the design of a trading mechanism, the risk be-

ing that all the efficiency gains predicted by theorists would go foregone. An

efficient trading system mechanism has to account for three key features of

the emission market: (1) given the strong complementarity between pollu-

tants and permits agents would prefer to buy a portfolio of permits; (2) firms

contemplating abatement equipment installation may want to either do it

or not (It may be non-economic to take half measure, thus desired permit

trade may be all or none.); (3) there may be return to scale in abatement

technology.

Given this extremely elaborate scenario, it is not surprising that some par-

ticipants in the program requested a trading system that could provide them

some guidance through the complexities. (Ishikida et al., 2001) test–bedded

several trading systems. The Uniform Price Double Auction performed very

8To better control the distribution of the pollutants.
9To better control the distribution of pollution over time.
10To better control year and price volatility (same as banking).
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poorly. Much higher was the Combined Value Call Market performance.

This system (a) allows bidders to submit contingent bids describing their

preferences, (b) matches orders in the call by maximizing the “gains from

trade” revealed by the bidders, (c) prices the trades in a way that leaves

bidders at least as well off as if they didn’t trade and in a way that provides

incentives to them to reveal their true willingness to trade, and (d) ensures

the auctioneer would not extract excess surplus.

This literature review does not aim to cover every article that has been

written on pollution trading systems. But from what presented we can

have an idea of the actual state-of-art in terms of design institution to deal

with pollution permits. The main conclusion that we can drawn is that

institutions matter at least at two levels. First, we need to identify the

right policy instrument that fits the characteristic of the pollutant that we

want to regulate. Secondly we need to choose the most efficient mechanism

to implement that policy, and experience shows that different mechanisms

have different levels of efficiency.

3. Summary of research

The idea that environmental quality management can be more efficiently

accomplished through the use of pollution permit trading systems is not

new. However, the implementation of such systems is new. The design of

pollution permits being exchanged and the market in which the permits are

traded requires the integration of environmental economics, game theory,

operations research and experimental testing. To date only a few major at-

tempts at trading pollution rights have been implemented; for example, lead

reduction in gasolines, Emissions Trading Program (ERC), SO2 emissions

trading, and the Southern California’s Regional Clean Air Incentives Mar-

ket (RECLAIM) program. In general, the trading volume in these emissions
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trading programs have been significantly below the predictions made at the

beginning of these programs. At least two studies have pointed out that the

market design has been a factor in the low volume of trade in these markets.

This research is intended to examine variations in institutional trading

rules in pollution permit environments. There are specific difficulties in

the trading of pollution permits which need attention. Due to temporal

persistence and spatial dispersion non-trivial external effects result from

trading in one market on adjacent markets. Wind and water flows constrain

how permits should be traded, as do local ambient standards. Permits are

also often required to be purchased in packages; for example, a firm might

need to acquire permits over a five-year period to plan production. Also,

the markets currently being used are not designed to handle ‘thinly’ traded

assets.

A series of laboratory controlled experiments will employ cash motivated

human subjects to trade pollution permits, under realistic economic and

environmental constraints. These agents will be highly trained in multiple

experiments to ensure their competence and to allow them to develop any

strategic behavior that might exploit weaknesses in market design. Institu-

tional variations will include computer assisted combinatorial auctions.

Our research involves the design and testing of a SMART Computer Co-

ordinated Market for an ambient-based pollution permit system that will

facilitate efficient allocations. A series of laboratory controlled experiments

will employ cash motivated human subjects to trade pollution permits, un-

der realistic economic and environmental constraints. Market design has

been cited as a major problem in the low volume of trade in these markets.

Pollution permits that are tradable can only be successful if there is an effi-

cient mechanism to allocate and trade the rights. The goal is to create the

incentives necessary to ensure that the price signals contain the appropriate
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information for the allocation of resources. The SMART market is intended

to facilitate the exchange system architecture.

We report on the construction of an experimental environment with the

salient physical features of multiple persistent polluters and spatially dis-

tributed affluent, the design of a market mechanism with the goal of achiev-

ing socially optimal level of benefits, and the computation of theoretically

socially optimal local input levels. We also report on the first experimental

tests of the market mechanism in the constructed environment and compare

them to the theoretically socially optimal solution. Such a report will help

address complex allocation problems for pollution permit markets.

4. Design

We address four problems in this experimental research. First, what is

the best system of permit property rights to address the issue of spatial pol-

lutant. Second, what is the best market mechanism to trade these permits.

Third, how do we design an environment to properly test the system of

property rights and the trading mechanism. Fourth, is there an alternative

to grandfathering to allocate an initial allocation of permits.

In our first series of experiments we test three systems of property rights,

Emissions, Zonal and Ambient. We test these systems under a competitive

production mode. Emission and zonal use a single item market mechanism

and the Ambient uses a combinatorial market mechanism. The experimental

environment uses abatement costs and does not measure industry produc-

tion.

The experiments in Series One do not address the possibility that the

permit market had an effect on the behaviors of firms in an oligopolistic en-

vironment. We introduce a model by Naguarney to predict the oligopolistic

outcomes of firms and allowing firms to choose production.
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To respond to the second and third questions, in a second set of experi-

ments we use an oligopolistic model, using a variational–inequality approach

(not previously used in experimental research.) We also require subjects to

choose production output as well as trading in the permit market. We use

a simpler pollution environment than the series one experiments, but test

two approaches to the production decision. One, production precedes the

market for permits and two, the market for permits precedes the production

decision.

In the third series of experiments the production decision is automated,

otherwise the experimental environment is the same as in the series two

experiments.

In a fourth series of experiments we test a moneyback mechanism for the

initial allocation of permits.
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5. Series 1 Experiments

The objective of this research is to evaluate the performance of three

alternative pollution control systems in laboratory settings under various

conditions defined in terms of initial permit allocation and pollution trans-

port characteristics. Economic theory suggests that the Ambient Permit

System is capable of achieving the ambient air quality standard at the least

cost to society (Montgomery, 1972). The use of either the Emission Permit

System or the Zonal Permit System results in a sub-optimal allocation of

emission responsibilities due to the fact that both systems ignore the spatial

distribution of pollution. However, the Ambient Permit System has draw-

backs such as complexity of transactions, coordination problems, potentially

high transaction costs, etc. The research goal is then to explore the tradeoff

between “inefficiency by design” associated with the second-best alternatives

to pollution control, and the degree of complexity of the best alternative.

In the Series One experiments, subjects recruited from the student pop-

ulation at the University of Massachusetts act as owners of different firms

emitting pollution as a by-product of production activity. Each firm’s de-

mand for permits depends on its marginal costs of abatement, and its supply

of permits depends on the initial allocation rules established by the envi-

ronmental authority. The goal of each participant is to reduce abatement

costs by selling excess permits, or buying the lacking ones. Subjects par-

ticipated in a series of different permit markets (Ambient Permit System,

Emissions Permit System, and Zonal Permit System). The performance of

each Transferable Permit System is assessed using various metrics based on

the aggregate abatement costs achieved by the participants under various

testing conditions. The data collected in the experiment will allow us to

assess whether (1) the theoretical prediction of superiority of APS over EPS
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Firm Firm Firm Firm Firm Firm Firm Firm Firm
1 2 3 4 5 6 7 8 9

Zone 1 1 1 1 2 1 2 2 2
Table 1. Zone Assignment for ZPS

and ZPS holds in our laboratory test, (2) the theoretical prediction of in-

dependence of initial allocation is supported by experimental data, and (3)

their spatial pollution dispersion characteristics impact the choice of the

best control system.

We explore the following set of experimental treatments. There are two

basic mechanisms that we will test in our experimental design. Each mech-

anism will form its own treatment. Treatment 1 will implement a simple

non-combinatoric mechanism to allocate and trade pollution rights. Treat-

ment 2 will implement a smart computer-coordinated market to allocate

pollution rights. Each one of these mechanisms will be tested in at least

two environments. One environment will incorporate strong dynamic and

spatial aspects of the pollution environment. The second environment will

incorporate weak aspects of the pollution environment. This will allow us

to gather evidence on which might be the best mechanism and if it varies

by environment.

5.1. Experimental Environment. In these experiments, the environmen-

tal authority has set an ambient air quality target (maximum allowed con-

centration of pollutant) of 126µg/m3. To ensure that the target is met

at every location, the environmental authority has built 4 receptor points,

R1–R4, to monitor air quality throughout the region. There are 9 existing

stationary sources of emissions, Firm 1–Firm 9.

The region is divided into 2 zones (Table 1). This division is only relevant

for the Zonal Permit System.



MARKET PERMITS 23

Firm Firm Tons of Pollutant Emitted
Type 1 2 3 4 5 6 7 8

1,5,9 A 650 600 400 350 300 100 75 50
2,6,7 B 700 675 675 650 650 550 500 475
3,4,8 C 675 650 500 500 450 425 300 250
Firm Firm Tons of Pollutant Emitted

Type 9 10 11 12 13 14 15 16
1,5,9 A 25 12 0 0 0 0 0 0
2,6,7 B 450 425 300 250 200 150 100 50
3,4,8 C 200 150 100 50 25 0 0 0

Table 2. Marginal Abatement Costs by Firm

The sources in the region are all involved in the production of output.

As a by-product of production activity, the sources emit pollution. For

simplicity, we assume that there is only one type of pollutant being emitted

by the sources in the region. The air currents disperse these emissions,

and as the distance from emitting source increases, the volume of pollutant

in the air declines due to spatial diffusion of emissions and environmental

absorption of pollutant.

It is costly for the sources to reduce emissions since it requires either

cutting back production and incurring the opportunity costs, or acquiring

better abatement technology. These costs of reducing emissions are reflected

in the marginal abatement cost schedules for each source (Table 2).

The sources in the region are heterogeneous. Type A firms are the cleanest

sources emitting a maximum of 10 tons at 0% abatement. Type B firms

are the dirtiest sources emitting a maximum of 16 tons at 0% abatement.

Type C firms are the average sources emitting a maximum of 13 tons at 0%

abatement.

5.2. Spatial Pollution Distribution. In the Series One experiments, two

different patterns of pollution dispersion are studied to test the sensitivity

of pollution control system design to local conditions.
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R1 R2 R3 R4
Firm 1 4 0 0 0
Firm 2 2 2 1 1
Firm 3 1 4 0 1
Firm 4 4 1 1 1
Firm 5 1 2 2 4
Firm 6 0 4 0 2
Firm 7 1 1 4 2
Firm 8 1 1 4 4
Firm 9 0 2 1 2

Table 3. Transport Matrix (“No Wind” pattern)

5.2.1. “No Wind” Pattern. The “No Wind” pattern is characterized by the

absence of a clear direction in pollution dispersion. The effect of the emis-

sions from each source is the largest for the nearby receptor, and gets smaller

for more distant sources.

All receptors located at the same distance from the source are affected to

the same degree (Table 3). For example, Firm 1 and Firm 4 are the closest

to R1, and each ton of emissions from these sources would contribute 4

µg/m3 to the concentration of pollutant at receptor R1. Under APS, these

sources would need to acquire 4 concentration permits R1 for every ton of

emissions. Firm 4 would also need 1 permit of R2, R3 and R4 each to cover

its 1 µg/m3 contribution to pollution concentration at R2–R4. Firm 2 is

located near R1 and R2, and each ton of its emissions would contribute 2

µg/m3 to the concentration of pollutant at these receptors. Under APS,

Firm 2 would need to acquire 2 concentration permits R1 and R2 for every

ton of emissions. It would also need 1 permit of R3 and R4 each to cover its

1 µg/m3 contribution to pollution concentration at R3 and R4. Firms 6 and

9 are so distant from receptor R1, that they do not affect the concentration

of pollution at R1. Under APS, these sources are not required to hold R1

permits, but would need some of R2–R4 permits.
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R1 R2 R3 R4
Firm 1 4 0 1 0
Firm 2 0 2 1 2
Firm 3 0 4 0 1
Firm 4 4 0 2 0
Firm 5 0 0 2 4
Firm 6 0 4 0 1
Firm 7 0 0 4 1
Firm 8 0 0 2 4
Firm 9 0 0 0 2

Table 4. Transport Matrix (“Wind” pattern)

5.2.2. “Wind” Pattern. The “Wind” pattern adds another dimension to pol-

lution dispersion. Now pollution from each source is shifted eastward by the

prevailing wind pattern. In this situation, not only the distance from the

receptor point, but also the location relative to the receptor point, would

determine how many permits is required to cover each unit of emissions by

each Firm (Table 4).

For example, Firm 1 and Firm 4 are the closest to R1, and each ton of

emissions from these sources would contribute 4 µg/m3 to the concentration

of pollutant at receptor R1. Under APS, these sources would need to acquire

4 concentration permits R1 for every ton of emissions. Firm 1 would also

need 1 permit R3, and Firm 4 2 permits R3 to cover their contribution to

pollution concentration at R3. All other Firms do not affect the concentra-

tion of pollution at R1 because their pollution is shifted away from R1 by

prevailing wind pattern. Under APS, Firms 2, 3, 5–9 are no longer required

to hold R1 permits, but do need certain quantities of permits R2–R4.

The “Wind” dispersion pattern increases a chance of creation of “hot

spots” at R3 and R4 because of the shift of pollution towards these receptor

points.
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5.3. Initial Allocation of Permits. Once the pollution concentration tar-

gets are set for the region, the environmental authority has to decide on the

number of permits to issue and the principle of their initial allocation. For

APS, the first decision is simple: the number of permits at each receptor

point has to be equal to the ambient air quality target (126µg/m3 in our

case). In the Series One experiments there are three types of initial alloca-

tion: symmetric, asymmetric and random.

The asymmetric allocation provides 21.4% more permits to the dirty Type

B sources, and 21.4% less permits to the small cleaner Type A sources. A

similar initial allocation was used in the RECLAIM program, where initial

permit allocation is based on the historic levels of emissions (Naughton,

1994). The symmetric allocation provides an equal number of permits to

each firm. This type of initial allocation is somewhat similar to the one

adopted in SO2 Allowance Trading Program in which the sources of the

same size are treated similarly irrespective of their abatement technology.

“The allowances are not based on a plant’s current emissions,

but rather on a plant’s past average fuel consumption. This

allocation method seems more equitable than one based on

past emissions which punishes the cleaner plants for their

past efforts.” (Naughton, 1994, pg. 223)

The random allocation was determined by a random drawing from a uni-

form distribution.

For EPS and ZPS, the question of the number of permits to issue is not

that simple. The reason for difficulty lies in the design of EPS and ZPS.

Instead of directly controlling pollution concentrations, both systems rely

on capping aggregate emissions as a proxy for the ambient air quality. In

case of spatially distributed pollution, the relationship between aggregate

emissions and the resulting pollution concentration is quite complex. In
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“No Wind” Pattern “Wind” Pattern
EPS ZPS EPS ZPS

Emissions Standard 60 41 Zone1
20 Zone2

75 53 Zone1
30 Zone2

Aggregate Emissions 60 61 75 83
Concentration R1 86 95 52 60
Concentration R2 122 125 104 124
Concentration R3 92 88 107 113
Concentration R4 110 103 118 126

Table 5. Emission Standards for EPS and ZPS

order to ensure that the concentration targets are met, the environmental

authority has to iteratively search for the appropriate aggregate emissions

cap level. Setting the emissions standard too high would result in non-

attainment of the ambient air quality standard, while setting the emissions

standard too low would result in excessive cost. In this research it is assumed

that the environmental agency is able to set the right emissions standards for

EPS and ZPS (Table 5), thus eliminating potential cost premium resulting

from setting a sub-optimal standard.

For EPS and ZPS, the allocation of permits was determined by a random

drawing from a uniform distribution. The details of the initial allocations

of permits for all systems are presented in Table 6.

(Montgomery, 1972) has formally proved that if the environmental agency

issues the optimal number of permits, competitive bidding for these permits

would generate the least cost level of emissions at each source irrespective

of initial allocation. Therefore, we would expect the same levels of market

efficiency under different initial allocation schemes.

5.4. Market Mechanism. The central element of any Transferable Per-

mit System is the permit market in which sources can buy and sell pollution
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System Pattern Allocation Permit F1 F2 F3 F4 F5 F6 F7 F8 F9 Total
APS Any SYM R1 14 14 14 14 14 14 14 14 14 126

R2 14 14 14 14 14 14 14 14 14 126
R3 14 14 14 14 14 14 14 14 14 126
R4 14 14 14 14 14 14 14 14 14 126

APS Any ASYM R1 11 17 14 14 11 17 17 14 11 126
R2 11 17 14 14 11 17 17 14 11 126
R3 11 17 14 14 11 17 17 14 11 126
R4 11 17 14 14 11 17 17 14 11 126

APS Any RAND R1 15 19 17 8 6 19 14 11 17 126
R2 20 16 8 10 10 12 13 18 19 126
R3 13 10 20 20 11 10 20 11 11 126
R4 14 18 14 15 15 11 17 8 14 126

EPS No Wind RAND 5 5 5 15 8 9 2 2 9 60
EPS Wind RAND 6 10 10 8 6 15 8 8 4 75
ZPS No Wind RAND Zone1 8 9 5 9 0 10 0 0 0 41

Zone2 0 0 0 0 5 0 8 4 3 20
ZPS Wind RAND Zone1 9 8 12 9 0 15 0 0 0 53

Zone2 0 0 0 0 8 0 8 7 7 30
Table 6. Initial Allocation of Permits

permits to reduce their abatement costs. The EPS and ZPS markets uti-

lized a two-sided uniform price single-item auction, and the APS market

utilized a two-sided uniform price combinatorial auction, which allows (but

not requires) package bidding. In the APS markets, the participants were

allowed to submit orders for “portfolios” of permits, as well as for individual

permits. Sell orders were limited by the number of permits on hand.

5.4.1. The Allocation Problem: Solution Algorithm. The problem of iden-

tifying a set of trades that maximizes the gains from trade (welfare (V ∗))

based upon the bids and offers placed in the market (the submitted orders)

is called the “allocation problem.” Solving the allocation problem involves

solving a mixed integer linear programming problem (MILP). The market

allocation of permits for all systems was determined by solving the following

mixed integer linear programming problem (MILP):
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V ∗ = max
di

∑
i

bi ∗ di Gains from exchange;(1)

subject to:

di = 0 or Fi ≤ di ≤ 1 Feasibility(2) ∑
i

di ∗ xik ≤ 0, for all permits k Market constraints(3)

∑
j∈Mi

δ(dj) ≤ 1, for all logical sets Mi Logical constraints(4)

V ∗ > 0 Positive welfare(5)

where i = 1, . . . , NB indexes the market buy orders submitted; where xim

is a dummy variable indicating whether the order m submitted by subject

i is accepted (1) or rejected (0), bim is the bid (positive) or ask (negative)

price for order m submitted by subject i, and qijm is the quantity of permit

j subject i wants to buy (positive) or sell (negative) in order m. Equation 3

guarantees that the number of permits bought does not exceed the number

of permits sold for each receptor point. Equation 2 states that the order

can be either accepted (1) or rejected (0). Note that in case of EPS, the

number of permits j = 1, and therefore each order only has two components,

quantity and price. In case of ZPS, the number of permits j = 2, but since

the inter-zone trade is not allowed, the order again only has two components.

The constraints 2 indicates a feasible allocation, if di = 0 then order i is

not allocated and if Fi ≤ di ≤ 1 then order i is allocated at scale di. If Fi = 1,

then di can only take on the values 0 or 1. The constraints 3 maintain that

demand shall not exceed supply for an asset. The constraints 4 maintain that

only one order of a logical set may be allocated, where δ(x) = 1 if x ≥

0, δ(x) = 0 if x = 0. The constraint 5 allows only total allocations with

a positive welfare, if V ∗ ≤ 0 then there is no allocation.
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5.4.2. Pricing. The pricing problem addresses the problem of how to charge

the buyers and pay the sellers. The competitive equilibrium prices fulfill the

requirements on prices stated above, so we first attempt to find a competitive

equilibrium, if it exists. After the allocation problem is solved there are three

types of bids; those that were accepted by the allocation, those that were

rejected by the allocation but were not part of a logical OR set with an

accepted bid, and those bids that where rejected and were part of a logical

OR set with an accepted bid. If a competitive equilibrium price p exists it

would satisfy:

bi − p′xi ≥ 0 for all accepted bids,(6)

bi − p′xi ≤ 0 for all rejected bids,(7)

bij − p′xij ≥ bij∗ − p′xij∗ ,(8)

if ij is an accepted bid and ij∗ is part of the(9)

logical OR set that contains ij,(10)

and(11)

p′
∑
i∈A

xi = 0 Walras’ law.(12)

The first three conditions state that prices are such that each accepted

bid is positively valued and each rejected bid is negatively valued, the fourth

condition is Walras’ law. If one such p exists, there may be many of them

so we must select one. We use the following method: Find the competitive

equilibrium price that maximizes the net surplus to the buyers (this will

be a set of “low” prices), then find the competitive equilibrium price that

maximizes the net surplus to the sellers (a “high” price), and then, finally,

take a 50-50 average of the two prices. All three will be competitive equilibria

but the last has some claim to be symmetric and “fair”.
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If there is no competitive equilibrium (which can happen when the fitting

problem occurs at the margin); a “pseudo-competitive equilibrium price” is

found by ignoring the rejected bidders (so it is possible that bi − p′ ∗ xi > 0

for some i that do not trade) and by ignoring the marginal orders. We

charge the marginal traders what they bid or offered. If possible we then

find a competitive set of prices for the remaining accepted orders, so that

no one pays more than they bid or receives less than they ask and revenue

(ignoring transaction fees) sums to zero. The problem is we can’t always

find competitive prices for these assets.

This leaves a subset of bids that are accepted but not marginal. If a com-

petitive price does exist it will not necessarily satisfy Walras’ Law over all

of the accepted bids (although it will over the non-marginal accepted bids).

So instead of computing a single price, two prices are computed one for

buyers and one for sellers (again purely in the name of symmetry). So the

“pseudo-equilibrium” computed is the “two price” equivalent of the com-

petitive equilibrium price with the additional constraint that all “excluded

bids” must pay what they bid. This is usually true for marginal units in a

competitive equilibrium, so we interpret that signal here in the same way —

if you are charged what you bid then you must be marginal and adjustments

in your bid can have significant effects on your final utility.

The pricing algorithm we propose here is simple (two-steps) and results

in a single price equilibrium.

To begin we must define some notation: An order i is ( bi, xi1, . . . , xik )

where:

• i is the index of accepted buy or sell orders.

• k is the index of items to be allocated.

• bi > 0 means, an agent will pay at most bi (a buy order),

• bi < 0 means, an agent wants to receive at least bi (a sell order).
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• xik > 0 means, agent i wants to buy xik units of k,

• xik < 0 means, agent i will deliver xik units of k.

The pricing algorithm includes only successful buy or sell orders, that is,

only those orders that are accepted in the market allocation algorithm. The

pricing algorithm is formalized as follows:

(13) V = max
pk,Wi

(∑
k

pk +
∑

i

1000.0 ∗Wi

)

subject to:

pk >= 0 for all k.(14)

Wi >= 0 for all i.(15) ∑
k

pk ∗ xik +Wi ≤ bi if i is a buy order.(16)

∑
k

pk ∗ (−1) ∗ xik +Wi ≥ (−1) ∗ bi if i is a sell order.(17)

∑
i|( bi>0 )

Wi =
∑

i|( bi<0 )

Wi.(18)

The problem can be solved by any standard linear programming routine

or software; and a solution is guaranteed to exist. The amount order i pays

or is payed is
∑

k pk ∗ |xik| + Wi, where | · | denotes the absolute value

function.

Equation 6 guarantees that the cost of each accepted buy order does not

exceed the bid amount, and the cost of each accepted sell order is not less

that the ask amount. Equation 7 states that the cost of each rejected buy

order is greater than the bid amount, and the cost of each rejected sell order

is less that the ask amount. Equation 12 ensures that all the monetary

payments balance out.
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Unfortunately, the existence and uniqueness of competitive prices is not

guaranteed in the general case. If the prices were not unique, an average of

the highest and the lowest price was taken as a solution. If the prices did

not exist, the “pseudo-competitive” prices were calculated based on accepted

orders only (Eqn. 6).

5.5. Theoretical Solutions.

5.5.1. “No Wind” Pattern. The theoretical solutions for APS, EPS and

ZPS in “No Wind” case were calculated by solving the following integer-

programming model: Maximize:

9∑
i=1

16∑
n=1

ci(n)xin Surplus Maximization;(19)

subject to:

9∑
i=1

16∑
n=1

dijxin ≤ Aj Concentration Constraints for receptor j(20)

xin ≥ 0 Non-Negativity Constraints(21)

where ci(n) is the marginal abatement cost of the n tons of emissions for firm

i, dij is the contribution of one ton of emissions from source i to pollution

concentration at receptor point j, and Aj is the pollution concentration

target for the receptor point j. The level of emissions for each firm is then

determined as ei =
∑16

n=1 xin.

For EPS, the transport coefficients were set to 1, and Aj was set to the

aggregate emissions standard E, so that the concentration constraint be-

comes
∑I

i=1 ei ≤ E (Aggregate Emissions Standard Constraint). Similarly,

for ZPS, the transport coefficients dij were set to 1 if firm i is located in

zone j and 0 otherwise. A1 and A2 were set to the emissions standards for
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Zone 1 and Zone 2, E1 and E2, so that the concentration constraint becomes∑I
i=1 ei ≤ Ej (Emissions Standard Constraint for Zone j).

Once the theoretical (least cost) solution eLC
i is determined for each sys-

tem, the Total Surplus is calculated as

(22) Total SurplusLC =
I∑

i=1

eLC
i∑

n=1

cin

and the Total Cost is calculated as

(23) Total CostLC =
I∑

i=1

eLC
i∑

n=1

ci(eLC
i )

The comparison of the theoretical solutions is presented in Table 7. With

“No Wind” pollution dispersion pattern, the APS is capable of achieving

the lowest cost ($5,736) and allowing more total emissions (73 tons) while

meeting the ambient air quality targets set by the environmental authority.

System (Treatment)

APS (A, B, C) EPS (G) ZPS (I)

Emissions Standard N/A 60 41 Zone1 20 Zone2

Total Cost $5,736 $8,061 $8,061

Cost Premium 0% 40.5% 40.5%

Total Surplus $35,175 $32,850 $32,850

Aggregate Emissions 73 60 61

Firm 1 (Clean) 9 4 5

Firm 2 (Dirty) 11 10 11

Firm 3 (Average) 6 6 7

Firm 4 (Average) 9 6 7

Firm 5 (Clean) 4 4 2

Firm 6 (Dirty) 8 10 11
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Firm 7 (Dirty) 13 10 10

Firm 8 (Average) 8 6 6

Firm 9 (Clean) 5 4 2

Table 7: Comparison of the Theoretical Solutions (“No

Wind” Pattern)

Both EPS and ZPS solutions are associated with a cost premium of 40.5%

when compared to the APS solution. This cost premium is primarily due to

uniform treatment of all sources irrespective of their location. In this case,

the “dirty” source Firm 6 is under-controlled (it is allowed to emit 10 units

under EPS and 11 units under ZPS instead of optimal emission level of 8

units), and the “cleaner” sources (Firm 1, Firm 4, and Firm 8) are over-

controlled, i.e.forced to emit less than their optimal level. The APS system

utilizes information about source location and transport characteristics, and

therefore is capable of achieving the air quality standards with lesser degree

of control and at lesser cost than either EPS or ZPS.

5.5.2. “Wind” Pattern. The theoretical solutions for APS, EPS and ZPS in

“Wind” case were the calculated by solving the same integer-programming

model as in the “Wind” case (see Eq. 19, 20, 21). The comparison of the the-

oretical solutions is presented in Table 8. With “Wind” pollution dispersion

pattern, the EPS and ZPS result in a cost premium of 104.7% and 30.5%

respectively. The source of the cost premium is the same: ignoring the spa-

tial configuration of the sources and receptors. In this case, the “cleaner”

sources (Firm 1, Firm 3, and Firm 4) are over-controlled, i.e. forced to emit

less than their optimal level. ZPS also under-controls “dirty” source Firm 2

which is allowed to emit 14 units while the optimal level is 13 units.
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System (Treatment)

APS (D, E, F) EPS (H) ZPS (J)

Emissions Standard N/A 75 53 Zone1

30 Zone2

Total Cost $1,886 $3,861 $2,461

Cost Premium 0% 104.7% 30.5%

Total Surplus $39,025 $37,050 $38,450

Aggregate Emissions 91 75 83

Firm 1 (Clean) 9 5 5

Firm 2 (Dirty) 13 12 14

Firm 3 (Average) 11 8 10

Firm 4 (Average) 13 8 10

Firm 5 (Clean) 5 5 5

Firm 6 (Dirty) 14 12 14

Firm 7 (Dirty) 13 12 12

Firm 8 (Average) 8 8 8

Firm 9 (Clean) 5 5 5

Table 8: Comparison of the Theoretical Solutions (“Wind”

Pattern)

The APS system utilizes information about source location and transport

characteristics, and therefore is capable of achieving the air quality standards

with lesser degree of control and at lesser cost than either EPS or ZPS.

5.6. No Trade Solutions. An undesirable outcome of a Transferable Per-

mit System is the lack of trade. The No Trade solution means that the
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initial allocation of permits becomes the final market outcome. It repre-

sents the lowest level of surplus that can be realized in a market assuming

that no trader will make a trade that will make them worse off (individual

rationality).

The Theoretical Surplus is the highest level of surplus that can be achieved

within each system boundaries. The Optimal Surplus is the total surplus

associated with the optimal solution. One can notice that the Theoretical

Surplus and Optimal Surplus are the same for APS. It means that APS can

achieve the ambient air quality standard at a least cost. The Theoretical

Surplus for both EPS and ZPS is lower than Optimal Surplus, indicating a

“cost premium by design”.

The random initial allocation of permits in EPS and ZPS is associated

with high levels of total surplus, thus leaving not much room for improve-

ment through trade. The random initial allocation of permits in APS is not

as effective, placing more emphasis on the trading activity to increase the

amount of total surplus realized. The high efficiency of the EPS and ZPS

random allocation can be explained by the properties of the allocation and

system design. On the one hand, since the allocation is drawn from a uni-

form distribution, the sources are treated equally with an expected number

of permits allocated to each firm being equal to 1/9 of the total number of

permits issued. On the other hand, the theoretical solution for EPS and ZPS

results in the same number of permits being allocated to the sources with

same marginal abatement costs. Therefore, if the differences in the marginal

abatement costs of the sources are not large enough, the random distribution

is expected to be highly efficient. In APS, the theoretical solution depends

on both marginal abatement costs and location of the sources, and therefore

the random allocation with its uniform treatment of all sources results in a

much lower Total Surplus.
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5.7. The Details of the Experiment Design. In the Series One exper-

iments, subjects recruited from the student population at the University of

Massachusetts–Amherst acted as owners of different firms emitting pollu-

tion as a by-product of production activity. Each firm’s demand for pollu-

tion permits depended on its marginal costs of abatement, and its supply

of permits depended on the initial allocation rules established by the envi-

ronmental authority. Throughout the experiment, groups of subjects par-

ticipated in a series of different permit markets (Ambient Permit System,

Emissions Permit System, and Zonal Permit System). The performance of

each Transferable Permit System was assessed using various metrics based

on the aggregate abatement costs achieved by the participants under various

testing conditions.

All subjects completed web-based instructions, and were trained for at

least an hour in the environment similar to that used in the actual exper-

iments. The data from these training experiments were disregarded. Each

subject then participated in two experimental sessions, which were used for

data collection. For each experiment, subjects were given $10 as a “show-

up” fee. This payment was guaranteed irrespective of the results of the

experiment. In addition to the “show-up” fee, subjects earned money based

on their performance in the experiment. These earnings ranged between $4

and $20 per individual, with an average of $12.15 for each session. All ex-

periments were run in a computer laboratory in the Department of Resource

Economics at the University of Massachusetts. The custom software appli-

cation was designed specifically for these experiments. The software was

developed at the Interdisciplinary Center for Economic Science at George

Mason University. This software allows subjects to submit orders for various

types of permits, calculates the optimal permit allocation, provides informa-

tion about current and historical accepted and rejected orders and market
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System Ambient Permit System Emission Permit Sys Zonal Permit Sys
Dispersion No Wind Pattern Wind Pattern No Wind Wind No Wind Wind
Allocation Sym Asym Ran Sym Asym Ran Ran Ran Ran Ran
Treatment A B C D E F G H I J
# of obs. 16 16 16 16 16 16 12 12 12 12

Table 9. Experimental Treatments Note: Each treatment
is repeated for 4 periods, with a total of 12 periods per ex-
perimental session.

price, and enforces the rules of each market institution. All trained subjects

were divided into 6 groups, each consisting of 9 subjects.

Within each group, the individuals were randomly assigned to firms, and

were given an opportunity to participate in computerized pollution permit

markets. A total of 10 treatments (markets), labeled A–J, were tested dur-

ing this series of experiments. Each treatment is described by the type

of the system (APS, EPS or ZPS), the type of initial allocation (Symmet-

ric, Asymmetric, Random) and the type pollution dispersion pattern (“No

Wind”, “Wind”). The design matrix for the experiment is provided in Ta-

ble 9. Each experimental session lasted 1 hour and 45 minutes and consisted

of 12 independent trading periods (3 different market treatments, each re-

peated 4 times).

At the beginning of each market, the subjects were provided with the

information about their abatement costs, transport coefficients and initial

permit allocation. During each trading period, subjects were allowed to

submit multiple orders with a limit of 10 orders per person in each period.

Submitting orders was costless. Each buy order included the quantities of

each type of permit and the maximum price the individual is willing to pay

for the specified combination of permits. Similarly, each sell order included

the quantities of each type of permit and the minimum price the individual is
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Session Group Day
Treatment by Period
1 2 3 4 5 6 7 8 9 10 11 12

1 1 1 E E E E C C C C H H H H
2 1 2 F F F F A A A A J J J J
3 2 1 I I I I A A A A F F F F
4 2 2 D D D D B B B B G G G G
5 3 1 C C C C H H H H D D D D
6 3 2 G G G G E E E E A A A A
7 4 1 D D D D B B B B I I I I
8 4 2 C C C C J J J J E E E E
9 5a 1 A A A A G G G G E E E E
10 5a 2 H H H H F F F F B B B B
11 5b 1 B B B B I I I I F F F F
12 5b 2 J J J J D D D D C C C C

Table 10: Experimental Sessions

willing to accept for the specified permit or a combination of permits. Once

all the participants finished submitting their orders, the market closed and

the central computer determined the equilibrium allocation and prices. The

period then ends, and the accepted and rejected orders, as well as market

price are displayed at each individual’s terminal. The resulting costs, cash

budget and profits are also updated to reflect the results of the trade. Each

market was repeated 4 times to allow subjects to familiarize themselves with

the bidding process, market conditions, etc.

Once the necessary number of repetitions of the treatment was completed,

the experimenter announced a new treatment with a different pollution con-

trol system, transport coefficients and initial allocation. At the end of the

session, subjects’ profits were converted to US dollars using pre-announced

individual exchange ratios. All earnings were paid privately in cash at the

end of the last session.
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A total of 12 sessions were run in November 2002 (Table 10). The assign-

ment of treatments for each session was governed by the following rules:

(1) each session consists of 2 combinatorial (APS) and 1 non-combinatorial

(EPS or ZPS) treatments;

(2) no repetition of treatments for each group;

(3) each group gets exposure to all dispersion patterns and at least two

different allocation types;

(4) all treatments are equally balanced between day 1 and day 2;

(5) each treatment appears in 1st, 2nd and 3rd part of the session (se-

quence).
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6. Series 1 Experiment Results

The Series One experiments focuses on the comparison of three different

market-based pollution control systems: Ambient Permit System, Emissions

Permit System and Zonal Permit System. Theoretically, the Ambient Per-

mit System is the best alternative for controlling spatially distributed pollu-

tants. It ensures that the ambient air quality targets are met at a least cost

by utilizing the information on source location and pollution dispersion pat-

terns. The Emissions and Zonal Permit Systems are sub-optimal by design.

Instead of directly controlling the levels of ambient pollution concentration,

they rely on aggregate emissions as a proxy for the ambient air quality. In

case of spatially distributed pollution, the relationship between aggregate

emissions and the resulting pollution concentration is quite complex, and

therefore, both systems are expected to result in higher costs in order to

achieve the same ambient air quality targets. However, the simplicity of

EPS and ZPS design is an advantage. The APS design requires participants

to assemble “portfolios” of permits in order to cover their emissions. The

complexity of transactions and coordination problems could significantly re-

duce the potential gains predicted by the theory. The main objective of this

research is to explore the tradeoff between “inefficiency by design” associ-

ated with the second-best alternatives to pollution control, and the degree

of complexity of the best alternative.

The experimental data will allow us to assess our main research questions:

(1) how APS outcomes compare to that of EPS and ZPS (System effect), (2)

whether the spatial pollution dispersion characteristics impact the choice of

the best control system (Dispersion effect), and (3) whether the theoretical

prediction of independence of initial allocation is supported by experimental

data (Allocation effect).
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Throughout the analysis, the performance of the alternative pollution

control systems will be assessed using three key metrics : efficiency, gains

from trade, and cost premiums.

6.1. Overall results. In the Series One experiments, each market treat-

ment was defined in terms of 3 main factors: pollution control system type

(APS, EPS, ZPS), pollution dispersion pattern (“No Wind”, “Wind”), and

initial permit allocation type (symmetric, asymmetric, random). Six groups

of subjects (Group 1, 2, 3, 4, 5a, and 5b) participated in the experiment.

Each experimental session included 3 different markets, each repeated four

times. The data collected in the course of the experiment is described in

Appendix D.

A total of 144 observations were collected in the course of the Series One

experiments; 3 observations were dropped due to procedural issues11. The

No Trade Surplus is the total surplus associated with the initial allocation

of permits. It represents the lowest level of surplus that can be realized with

no trading activity. The Theoretical Surplus is the highest level of surplus

that can be achieved within the system boundaries.

The experimental results for EPS and ZPS are not that far from the No

Trade solution due to the fact that random initial allocation of permits for

EPS and ZPS is associated with high levels of total surplus, thus leaving

little room for improvement through trade. For APS, the random initial

allocation of permits is not as effective, and the experimental trading activity

significantly increases the amount of total surplus realized.

The total surplus is used to calculate our 3 performance measures: ef-

ficiency, gains from trade and cost premium. The means and standard

11The observations for Period 2–4 for Group 2 on Day 1 (Treatment I) were discarded
because the behavior of one of the participants was not representative of the real-life
actions of a decision-making authority of a pollution source (“Testing the extremes” in
his own words). Admittedly this is very arbitrary
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deviations for these measures are presented in Table 11. The APS treat-

ments show moderate average efficiency levels (from 78% to 82% depending

on treatment), while EPS and ZPS treatments exhibit much higher average

efficiency (from 87% to 97%). The Gains from Trade are much higher in

APS treatments as compared to the EPS and ZPS ones. This fact is not

surprising given the highly efficient initial allocation for EPS and ZPS. The

cost premiums seem to depend on the type of the pollution dispersion. For

No Wind Pattern treatments, APS and EPS exhibit similar cost premium

(around 115%), which is almost two times higher than ZPS cost premium

(63%). For Wind Pattern treatments, the cost premium associated with

APS is significantly higher than that of EPS and ZPS.

In order to be able to proceed with the statistical analysis, we have to

examine the normality of the distribution of each performance metric. If the

data satisfy the normality requirement, we would be able to utilize the nor-

mal theory approaches to develop statistical models and test the hypotheses

of interest. See Appendix C Since the conditional distributions for all per-

formance measures are well approximated by normal distribution, we will

use normal theory methods throughout this research.

6.2. Efficiency. Market efficiency is the most common performance mea-

sure in experimental economics literature. It shows the effectiveness of the

market institution in achieving the institution-specific least-cost allocation.

This measure will be used for the main research questions, such as: (1)

how APS outcomes compare to that of EPS and ZPS (System effect), (2)

whether the spatial pollution dispersion characteristics impact the choice of

the best control system (Dispersion effect), and (3) whether the theoretical

prediction of independence of initial allocation is supported by experimental

data (Allocation effect).
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The analysis of the experimental data will be performed using two sta-

tistical methods: the summary statistics approach, and the mixed model

analysis. The summary statistics approach is the simplest method and is of-

ten used as a preliminary method of analysis. The mixed model approach is

more complex, but it has a number of advantages including direct estimation

of individual heterogeneity through random effects, support of numerous al-

ternative specifications of the variance-covariance matrix, and flexible struc-

ture suitable for experiments in which the individuals are observed different

number of times, at different periods of time, or when there are different

intervals between observations.

Both approaches indicate that the average efficiency of APS is lower than

that of EPS and ZPS, and that initial allocation of permits has no significant

impact on the market outcome. The approaches disagree on the role of the

pollution dispersion characteristics, with mixed model analysis suggesting a

complex dependency between efficiency and system-dispersion interaction.

The mixed model approach also indicates that learning plays a crucial role

in APS treatments, and efficiency improves significantly with increased par-

ticipation in different market treatments (sequence and day effect).

6.2.1. Summary Statistics. The summary statistics reduces the data for each

experimental unit to a single meaningful measure of association between the

response variable and time. The differences between treatments can be then

assessed using parametric or non-parametric methods (see e.g. (Crowder and

Hand, 1990)).

To formally test these hypotheses, the performance data were first sum-

marized using the following statistics: (1) the average efficiency of each

repetition of the same market by the same group, and (2) the median effi-

ciency of each repetition of the same market by the same group. The sample
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means and standard deviations of these measures are displayed in Table 12.

The average efficiency of APS is much lower than that of EPS or ZPS. The

efficiency of EPS and ZPS is quite close, with ZPS efficiency showing less

volatility than that of EPS.

Summary Statistic Mean (Standard Deviation)

APS EPS ZPS

Number of Observations 96 24 21

Average efficiency 0.804 (0.054) 0.919 (0.066) 0.952 (0.021)

Median efficiency 0.808 (0.060) 0.923 (0.066) 0.952 (0.024)

Table 12: Summary Statistics (Efficiency)

On average both EPS and ZPS exhibit high efficiency (92% and 95% re-

spectively), whereas APS efficiency levels tend to be lower (around 80%).

The hypotheses of similarities between pollution control systems were tested

using a two-sample t-test for equal mean efficiency. The results are summa-

rized in Table 13. The performance of EPS and ZPS systems is similar, with

the average efficiency not being different between the systems. The APS is

different from either ZPS or EPS.

Null Hypotheses Equality of Means (T-test) Equality of Variances (F-test)

Statistic P-Value Statistic P-Value

Average efficiency is equal for

APS and EPS

4.460 0.0001 1.53 0.4384

Average efficiency is equal for

APS and ZPS

10.405A <.0001A 0.17 0.0544

Average efficiency is equal for

EPS and ZPS

1.142A 0.2963A 0.11 0.0289
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Null Hypotheses Equality of Means (T-test) Equality of Variances (F-test)

Table 13: System Hypothesis Tests (Efficiency); Note: A unequal

variances assumed based on Equality of Variances test.

The efficiency levels in “No Wind” and “Wind” treatments depend on

the System type. The APS and ZPS exhibit lower efficiency, whereas EPS

shows an improvement in the “Wind” treatments. The two-sample t-tests

for means were performed to assess the similarities of results for “No Wind”

and “Wind” treatments. The results are summarized in Table 14.

Null Hypotheses Equality of Means (T-test) Equality of Variances (F-test)

Statistic P-Value Statistic P-Value

Average efficiency is equal for

APS “No Wind” and APS

“Wind” treatments

-0.716 0.4814 1.31 0.6645

Average efficiency is equal for

EPS “No Wind” and EPS

“Wind” treatments

3.452A 0.0693A 0.03 0.0517

Average efficiency is equal

for ZPS “No Wind” and ZPS

“Wind” treatments

-1.491 0.2101 3.29 0.4657

Table 14: Dispersion Hypothesis Tests (Efficiency); A unequal vari-

ances assumed based on Equality of Variances test.

The hypotheses of similarity of performance in different pollution disper-

sion conditions cannot be rejected for APS and ZPS at 5% significance level.

For EPS, the hypothesis of similar efficiency is rejected at 10% level, but

cannot be rejected at 5% level.
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Does efficiency depend on the type of initial allocation of permits? To

answer this question we will look at APS data since the rest of systems were

tested with Random Allocation only. The data suggests that the average

efficiency is similar under different types of initial allocation.

Null Hypotheses Equality of Means (T-test) Equality of Variances (F-test)

Statistic P-Value Statistic P-Value

Average efficiency is equal for

Symmetric and Asymmetric Al-

locations

-0.523 0.609 0.37 0.2097

Average efficiency is equal for

Symmetric and Random Alloca-

tions

-0.315A 0.7609A 0.07 0.002

Average efficiency is equal for

Asymmetric and Random Alloca-

tions

0.434A 0.674A 0.18 0.039

Table 15: Allocation Hypothesis Tests (Efficiency); A unequal vari-

ances assumed based on Equality of Variances test.

The hypotheses of similarities of results for Symmetric, Asymmetric and

Random allocation treatments were tested using a two-sample t-test for

means. The results are summarized in Table 15. All hypotheses of simi-

lar APS performance under different types of initial allocation cannot be

rejected at 5% level of significance. The experimental data confirms the

hypothesis of independence of initial allocation of permits for APS system.

To assess whether the repetition of the same market results in increase in

efficiency, the Spearman’s rank correlation coefficient of efficiency and time

was calculated for each four repetitions of the same market by the same
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group. The average and standard deviation of these correlation coefficients

for each system are presented in Table 16.

Summary Statistic Mean (Standard Deviation)

APS EPS ZPS

Spearman’s rank correlation of efficiency

and time

0.563 (0.460) 0.633** (0.294) -0.027 (0.727)

Table 16: Efficiency and Repetition; ** Significant at 5% level.

Neither APS nor ZPS indicate a statistically significant relationship be-

tween efficiency and time (the average of Spearman’s rank correlation coef-

ficients is not statistically significant at 5% level). The EPS efficiency shows

a positive relationship indicating a possibility of an upward trend.

6.2.2. Summary. The analysis of efficiency data was conducted using two

statistical methods: the summary statistics approach, and the mixed model

analysis (see Appendix E).

Research Questions Summary Statistics Ap-

proach

Mixed Models Ap-

proach

How the APS outcome

compares to that of the

EPS and the ZPS?

The average efficiency of

the APS is lower than that

of the EPS or the ZPS

The average efficiency of

the APS is lower than that

of the EPS or the ZPS
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How the pollution disper-

sion characteristics impact

the choice of the best sys-

tem?

The average efficiency is

not significantly different

between “No Wind” and

“Wind” treatments for all

systems

APS and ZPS show similar-

ity of performance in both

“Wind” and “No Wind”

treatments. The EPS

shows deterioration in effi-

ciency in “No Wind” treat-

ments (which is partially

offset by the tendency for

improvement in efficiency

over time for EPS in “No

Wind” conditions).

Do the experimental data

support the theoretical pre-

diction of the independence

of the initial allocation of

permits?

The average efficiency is

not affected by the initial

allocation of permits

The average efficiency is

not affected by the initial

allocation of permits

What are the learning pat-

terns?

N/A For APS, an improvement

in efficiency is observed

with increased participa-

tion in different markets

(sequence, day), whereas

EPS and ZPS show no sig-

nificant improvement.
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Is the assumption of homo-

geneity of the experimen-

tal groups supported by the

data?

N/A Group 3 exhibits better

than average performance,

and Group 4 shows worse

than average performance

both initially and over

time.

Table 17: Summary: Efficiency

Both methods result in similar conclusions on the performance of the

APS in relation to EPS and ZPS, and on the theoretical prediction of the

independence of the initial allocation. However, the alternative approaches

disagree on the effect of the pollution dispersion characteristics on the choice

of the best system. Table 17 summarizes the findings using these alternative

statistical approaches.

The Mixed models approach also allows us to detect the learning pat-

terns emerging in the course of the experiment, as well as to assess the

homogeneity of the groups participating in the experiment.

6.3. Gains from Trade. Gains from trade are another performance mea-

sure of interest. It shows the improvement gained from market trading

activity over the initial allocation of permits (no trade). I will be using

this measure to seek answers to our main research questions, such as: (1)

how APS outcomes compare to that of EPS and ZPS (System effect), (2)

whether the spatial pollution dispersion characteristics impact the choice of

the best control system (Dispersion effect), and (3) whether the theoretical

prediction of independence of initial allocation is supported by experimental
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data (Allocation effect). In addition, I will use gains from trade to analyze

the learning patterns, and assess the homogeneity of experimental groups.

As in the efficiency case, the analysis of the experimental data will be

performed using two statistical methods: the summary statistics approach,

and the mixed model analysis.

Both the summary statistics, and the mixed linear effects model analy-

sis conclude that initial allocation of permits has no significant impact on

the market outcome. The approaches disagree on the role of the pollution

dispersion characteristics, with mixed model analysis suggesting that the

magnitude of the effect depends on system and repetition. The mixed model

approach also indicates that learning plays a crucial role in APS treatments,

and gains from trade improve significantly with increased participation in

different market treatments (sequence and day effect).

6.3.1. Summary Statistics. We will start the analysis with assessing the

overall differences in gains from trade observed for our three systems. The

data shows that the average gains from trade in APS much higher than that

of EPS or ZPS.

For ZPS, the average gains from trade are slightly different from zero. But

are these differences statistically significant? To answer this question, the

performance data was first summarized using the following statistics: (1)

the average gains from trade of each four repetitions of the same market by

the same group, and (2) the median gains from trade of each four repetitions

of the same market by the same group. The sample means and standard

deviations of these measures are displayed in Table 18.

Summary Statistic Mean (Standard Deviation)

APS EPS ZPS

Number of Observations 96 24 21
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Mean 0.570 (0.117) 0.284 (0.242) 0.146 (0.298)

Median 0.577 (0.132) 0.315 (0.242) 0.158 (0.326)

Table 18: Summary Statistics (Gains)

On average, both EPS and ZPS exhibit gains from trade that are not

significantly different from zero, indicating that the initial allocation of per-

mits was highly efficient. On the other hand, APS exhibits substantial gains

from trade (around 57%).

The hypotheses of similarities between pollution control systems were

tested using a two-sample t-test for equal mean gains from trade. The

results are summarized in Table 19.

Null Hypotheses Equality of Means (T-test) Equality of Variances (F-test)

Statistic P-Value Statistic P-Value

Average gains are equal for

APS and EPS

-2.805A 0.0333A 4.26 0.0137

Average gains are equal for

APS and ZPS

-3.411A 0.0169A 6.48 0.0014

Average gains are equal for

EPS and ZPS

-0.882 0.3986 1.52 0.6569

Table 19: System Hypothesis Tests (Gains from Trade). A

unequal variances assumed based on Equality of Variances

test.
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The performance of EPS and ZPS systems is similar, with the average

gains from trade not being different between the systems. The APS is dif-

ferent from either ZPS or EPS (note: gains from trade are not statistically

significant for EPS and ZPS).

Are the gains from trade observed for our three systems affected by the

pollution dispersion characteristics? Do we see similar gains from trade in

“No Wind” and “Wind” treatments? The data indicate that the answer

to this question might depend on the System type. APS and ZPS exhibit

slightly higher gains from trade, whereas EPS shows lower gains from trade

in the “Wind” treatments.

Null Hypotheses Equality of Means (T-test) Equality of Variances (F-test)

Statistic P-Value Result Statistic P-Value Result

Average gains are equal for

APS “No Wind” and APS

“Wind” treatments

0.369 0.7157 Fail to reject 1.04 0.9450 Fail to reject

Average gains are equal for

EPS “No Wind” and EPS

“Wind” treatments

-0.934 0.4034 Fail to reject 1.03 0.9837 Fail to reject

Average gains are equal for

ZPS “No Wind” and ZPS

“Wind” treatments

0.017 0.9874 Fail to reject 1.17 0.9214 Fail to reject

Table 20: Dispersion Hypothesis Tests (Gains from Trade).

The hypotheses of similarities of results for “No Wind” and “Wind” treat-

ments were formally tested using a two-sample t-test for means. The results

are summarized in Table 30. All the hypotheses of similarity of results for

“No Wind” and “Wind” treatments cannot be rejected at 5% significance
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level. The experimental data suggests that performance of all systems is

consistent under different pollution dispersion conditions.

Do gains from trade depend on the type of initial allocation of permits?

To answer this question we will look at APS data since the rest of systems

were tested with Random Allocation only. Gains from trade are slightly

lower with Asymmetric allocation for both “No Wind” and “Wind” dis-

persion patterns. The hypotheses of similarities of results for Symmetric,

Asymmetric, and Random allocation treatments were tested using a two-

sample t-test for means. The results are summarized in Table 21.

Hypotheses Equality of Means (T-test) Equality of Variances (F-test)

Statistic P-Value Result Statistic P-Value Result

Average gains are equal for

Symmetric and Asymmetric

Allocations

-0.818A 0.4303A Fail to reject 0.36 0.1984 Reject

Average gains are equal for

Symmetric and Random Allo-

cations

-0.427A 0.6803A Fail to reject 0.08 0.0033 Reject

Average gains are equal for

Asymmetric and Random Al-

locations

0.771A 0.4588A Fail to reject 0.22 0.0631 Reject

Table 21: Allocation Hypothesis Tests (Gains from Trade). A

unequal variances assumed based on Equality of Variances test.

All hypotheses of similar APS performance under different types of initial

allocation cannot be rejected at 5% level of significance. The experimental

data confirms the hypothesis of independence of initial allocation of permits

for APS system.
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The Linear mixed effect model (see Appendix F) suggests that the gains

from trade depend on the System type and Pollution dispersion pattern, and

do not depend on the initial allocation of permits. There is a strong indica-

tion of the learning effect, with different systems exhibiting different pattern

of improvement with the repetition of the same market (Time effect), ac-

quiring more experience from participation in other markets (System effect),

or completing more sessions (Day effect).

The mixed models analysis indicates that there is some degree of het-

erogeneity between the groups participated in the experiment. Group 3

performs better than the rest of the groups, while the performance of Group

4 is worse than average.

Research Questions Summary Statistics Ap-

proach

Mixed Models Ap-

proach

How the APS outcome

compares to that of the

EPS and the ZPS?

The average gains from

trade for the APS are

higher than that of the EPS

or the ZPS.

The gains from trade of

the APS are initially lower

than that of the EPS or the

ZPS, but improve dramat-

ically in the course of the

experiment.

How the pollution disper-

sion characteristics impact

the choice of the best sys-

tem?

The average gains from

trade are not signifi-

cantly different between

“No Wind” and “Wind”

treatments for all systems.

The effect of the pollu-

tion dispersion characteris-

tics on gains from trade is

quite complex and depends

on the system and repeti-

tion
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Do the experimental data

support the theoretical pre-

diction of the independence

of the initial allocation of

permits?

The average gains from

trade are not affected by

the initial allocation of per-

mits.

The average gains from

trade are not affected by

the initial allocation of per-

mits.

What are the learning pat-

terns?

N/A For APS, an improvement

in gains from trade is

observed with increased

participation in different

markets (sequence, day),

whereas other shows do

not show an improvement.

Is the assumption of homo-

geneity of the experimen-

tal groups supported by the

data?

N/A Group 3 and Group 4

exhibit better and worse

than average performance

respectively

Table 22: Summary: Gains from Trade

6.3.2. Summary. The summary statistics and the LME both agree on the

effect of the initial allocation. However, the conclusions on the performance

of the APS in relation to EPS and ZPS, and on the effect of the pollution

dispersion characteristics on the choice of the best system are different.

Table 22 summarizes the findings.

The Mixed models approach also allows us to detect the learning pat-

terns emerging in the course of the experiment, as well as to assess the

homogeneity of the groups participating in the experiment.
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6.4. Cost Premium. The cost premium measure assesses the system per-

formance relative to the optimal outcome, which does not depend on the

system design. It allows comparison of systems with different limitations,

and assesses not only the trading and non-trading behavior, but also the

adequacy of design. I will be using this measure to seek answers to our

main research questions, such as: (1) how APS outcomes compare to that

of EPS and ZPS (System effect), (2) whether the spatial pollution disper-

sion characteristics impact the choice of the best control system (Dispersion

effect), and (3) whether the theoretical prediction of independence of initial

allocation is supported by experimental data (Allocation effect). In addi-

tion, I will use cost premium to analyze the learning patterns, and assess

the homogeneity of experimental groups.

Both the summary statistics and the LME model conclude that the aver-

age cost premium is higher in APS as compared to ZPS or EPS, and that

initial allocation of permits has no significant impact on the market outcome.

The approaches disagree on the role of the pollution dispersion characteris-

tics, with mixed model analysis suggesting that cost premium depends on

the pollution dispersion in APS markets, whereas EPS and ZPS show sim-

ilar results in both “Wind” and “No Wind” treatments. The mixed model

approach also indicates that learning plays a crucial role in all systems, and

cost premium reduces with increased participation in the same market (time

effect) as well as different market treatments (sequence effect).

6.4.1. Summary Statistics. We will start the analysis with assessing the

overall differences in cost premium observed for our three systems. Fig-

ure 15 shows that the average cost premium in APS is slightly higher than

that of EPS, and significantly higher than that of ZPS. APS also exhibits
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Summary Statistic Mean (Standard Deviation)
APS EPS ZPS

Number of Observations 96 24 21
Average cost premium 2.681*(1.784) 1.381(0.318) 1.067*(0.592)
Median cost premium 2.604*(1.797) 1.352 (0.339) 1.066* (0.639)

Table 23. Summary Statistics (Cost Premium)

high volatility of cost premium. But are these differences statistically sig-

nificant?

To formally confirm these observations, the performance data was first

summarized using the following statistics: (1) the average cost premium of

each four repetitions of the same market by the same group, and (2) the

median cost premium of each four repetitions of the same market by the

same group. The sample means and standard deviations of these measures

are displayed in Table 40. The average cost premium is the lowest for ZPS,

and the highest for APS suggesting that the increased complexity of the

system is having a negative impact on the efficiency.

The hypotheses of similarities between pollution control systems were

tested using a two-sample t-test for equal mean cost premium. The results

are summarized in Table 23. The performance of EPS and ZPS systems

is similar, with the average cost premium not being different between the

systems. The APS is different from either ZPS or EPS in terms of average

cost premium.

Is the cost premium for our three systems affected by the pollution dis-

persion characteristics? Do we see similar cost premiums in “No Wind” and

“Wind” treatments? The EPS and ZPS exhibit a slightly higher cost pre-

mium, whereas APS shows a significant deterioration in “Wind” treatments.

But are these differences statistically significant?

To answer this question, the two-sample t-test for means were performed,

and the results are summarized in Table 25. All the hypotheses of similarity
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Null Hypotheses Equality of Means (T-test) Equality of Variances (F-test)
Statistic P-Value Result Statistic P-Value Result

Average cost premium is
equal for APS and EPS

-2.805A 0.0333A Reject 0.03 0.0012 Reject

Average cost premium is
equal for APS and ZPS

-3.411A 0.0169A Reject 0.11 0.0222 Reject

Average cost premium is
equal for EPS and ZPS

-0.882A 0.3994A Fail to reject 3.47 0.1980 Reject

Table 24. System Hypothesis Tests (Cost Premium)A un-
equal variances assumed based on Equality of Variances test.

Null Hypotheses Equality of Means (T-test) Equality of Variances (F-test)
Statistic P-Value Statistic P-Value

Average cost pre-
mium is equal for APS
“No Wind” and APS
“Wind” treatments

0.369A 0.716A 14.88 <.0001

Average cost premium
is equal for EPS “No
Wind” and EPS “Wind”
treatments

-0.934 0.403 0.31 0.476

Average cost premium
is equal for ZPS “No
Wind” and ZPS “Wind”
treatments

0.017A 0.987A 41.75 0.047

Table 25. Dispersion Hypothesis Tests (Cost Premium)A

unequal variances assumed based on Equality of Variances
test.

of cost premium for “No Wind” and “Wind” treatments cannot be rejected

at 5% significance level. The experimental data suggests that performance

of all systems is consistent in different pollution dispersion conditions.

Does cost premium depend on the type of initial allocation of permits?

To answer this question we will look at APS data since the rest of systems

were tested with Random Allocation only. The hypotheses of similarities

of results for Symmetric, Asymmetric, and Random allocation treatments

were tested using a two-sample t-test for means. The results are summarized

in Table 26. All hypotheses of similar APS performance under different
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Null Hypotheses Equality of Means (T-test) Equality of Variances (F-test)
Statistic P-Value Statistic P-Value

Average cost premium is
equal for Symmetric and
Asymmetric Allocations

-0.818 0.4273 0.96 0.9624

Average cost premium is
equal for Symmetric and
Random Allocations

-0.427 0.6757 0.66 0.5909

Average cost premium
is equal for Asymmet-
ric and Random Alloca-
tions

0.771 0.4537 0.68 0.6236

Table 26. Allocation Hypothesis Tests (Cost Premium)

types of initial allocation cannot be rejected at 5% level of significance.

The experimental data confirms the hypothesis of independence of initial

allocation of permits for APS system.

6.4.2. Summary: Cost Premium. The analysis of the cost premium data was

conducted using two statistical methods: the summary statistics approach,

and the mixed model analysis (see Appendix G).

The mixed models analysis suggests that the average cost premium is

higher in APS as compared to EPS and ZPS. The cost premium levels for

APS depend on the pollution dispersion pattern, with much higher cost

premium observed in “Wind” environment. The EPS and ZPS demonstrate

similar levels of cost premium regardless of the pollution dispersion charac-

teristics. The data supports the theoretical prediction of the independence

of the initial allocation of permits, with the levels of cost premium showing

no dependency on allocation for all three systems.

All three systems show a decrease in cost premium with repetition (Time

effect) and experience gained from participation in more markets (Sequence

effect).
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Research Questions Summary Statistics LME Model
How the APS outcome
compares to that of the
EPS and the ZPS?

The average cost premium
for the APS is higher than
that of the EPS or the ZPS.

The average cost premium
for the APS is higher than
that of the EPS or the ZPS.

How the pollution disper-
sion characteristics impact
the choice of the best sys-
tem?

The average cost premium
is not significantly different
between “No Wind” and
“Wind” treatments for all
systems.

“No Wind” treatments re-
sult in lower cost premium
for APS, whereas EPS or
ZPS exhibit similar results
in both “Wind” and “No
Wind” treatments.

Do the experimental data
support the theoretical pre-
diction of the independence
of the initial allocation of
permits?

The average cost premium
is not affected by the initial
allocation of permits.

The average cost premium
is not affected by the initial
allocation of permits.

What are the learning pat-
terns?

N/A All systems demonstrate
a significant reduction in
cost premium with in-
creased participation in dif-
ferent markets (sequence)
and repetition of the same
market (time).

Is the assumption of homo-
geneity of the experimen-
tal groups supported by the
data?

N/A Group 3 exhibits better
performance, and Group 4
under-performs throughout
the experiment.

Table 27: Summary: Cost Premium

The mixed models analysis indicates that Group 3 exhibits superior per-

formance and Group 4 under-performs throughout the experiment, whereas

the rest of the groups are not statistically different from each other.

Table 27 summarizes the findings using these alternative statistical ap-

proaches. Both methods result in similar conclusions on the performance of

the APS in relation to EPS and ZPS, and on the theoretical prediction of the

independence of the initial allocation. The approaches disagree on the im-

pact of the pollution dispersion characteristics, with mixed model approach

suggesting that cost premium depends on pollution dispersion for APS. The
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Mixed models approach also allows us to detect the learning patterns emerg-

ing in the course of the experiment, as well as to assess the homogeneity of

the groups participating in the experiment.

6.5. Pollution Concentration. An important aspect of system perfor-

mance is its ability to meet the ambient air quality standards, which is the

main objective of pollution control. The APS design ensures that the pollu-

tion concentration targets are met assuming full compliance. However, for

EPS and ZPS this is not true. “Nothing in the design of the emission per-

mit system prevents [resulting] pollution concentrations from exceeding the

target” (Tietenberg, 1995, pg. 105)). Even if the aggregate emissions stan-

dard is chosen optimally, the slight deviation from optimal solution caused,

for example, by less than 100% trading efficiency, might result in excessive

pollution concentration at some receptor points. Ideally, the measures of

pollution control systems performance would take into account the damages

associated with excessive pollution as well as the benefits of better than

optimal air quality. However, the estimation of these damages and benefits

is quite complex, and will not be addressed in this research. I will consider

pollution concentration as a separate metric in the discussion of the choice

of the best pollution control system.

The actual pollution concentration levels for each receptor point are pre-

sented in Figure 20 and Figure 21. In EPS treatments, there are 3 instances

of exceeding the 126µg/m3 ambient air quality standard: 2 at receptor point

R2 in “No Wind” conditions, and 1 at receptor point R4 in “Wind” condi-

tions. In EPS treatments, there are 13 instances of exceeding the 126µg/m3

ambient air quality standard: 8 at receptor R2, and 5 at receptor R4, all

in “Wind” conditions. For APS, the 126µg/m3 concentration target is met
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at every receptor point in 100% of cases by design, and therefore it shows

superiority over EPS and ZPS while exhibiting higher costs.

Table 28 summarizes the average levels of pollution concentration achieved

by each system. For EPS, the explanation of frequent incidents of exceeding

the air quality goals lies in the deviation of market results from optimal

solution (trading inefficiency) and the lack of “cushion” in the choice of ag-

gregate emission standard by the environmental authority. For ZPS it might

also be attributable to a “thin market” phenomenon resulting from dividing

the region into small zones with insufficient number of market participants.

APS EPS ZPS

Receptor Average Times Average Times Average Times

(Std) Exceeded (Std) Exceeded (Std) Exceeded

R1 67.68 (23.88) 0 out of 96 77.45 (23.94) 0 out of 24 78.24 (26.32) 0 out of 21

R2 89.84 (19.99) 0 out of 96 114.58 (10.03) 2 out of 24 127.47 (15.55) 8 out of 21

R3 81.81 (17.38) 0 out of 96 88.0 (16.01) 0 out of 24 91.0 (10.995) 0 out of 21

R4 95.04 (11.56) 0 out of 96 108.87 (11.02) 1 out of 24 115.09 (13.31) 5 out of 21

Table 28: Resulting Pollution Concentration.

6.6. Subject Heterogeneity and Learning. Another interesting ques-

tion is whether our three main performance metrics generate consistent in-

ferences about participants of the experiment. We can assess the conclusions

on heterogeneity of experimental groups by examining the group-specific in-

tercepts and slopes estimated in our three Final Models (Table 29).

Effect Parameter Efficiency Gains from Trade Cost Premium

Model 5a Modified Model 5b Modified Model 5c

Random Intercepts

Group 1 g10 0.012 0.037 0.010

2 g20 0.000 0.002 -0.087
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3 g30 0.026 0.120 -0.512

4 g40 -0.031 -0.105 0.767

5a g50 -0.009 -0.068 0.008

5b g60 0.001 0.015 -0.186

Random Slopes

Group 1 g11 0.000

2 g21 0.000

3 g31 0.003

4 g41 -0.005

5a g51 0.000

5b g61 0.001

Variance Components

Group d11 0.0005 0.007 0.206

Group*Time d12 = d21 0.0000

Time d22 0.0000

Residual σ2 0.0019 0.023 0.593

Table 29: Random Effects Comparison

All three models consistently rank Group 3 as the best performing, and

Group 4 as worst performing, and the rest of the groups are not different

from each other.

The Efficiency Model suggests that initially Group 3 performs better than

average, and Group 4 worse than average. Moreover, the groups differ in

their ability to learn in the course of the experiment. Group 4 also shows

worse than average improvement with the repetition (g41 is negative and

statistically significant), while the rest of the groups show average improve-

ment. The Gains from Trade Model indicates that Group 3 performs better,

and Group 4 worse than the rest of the groups (g30 is equal to 0.120 and g40



MARKET PERMITS 67

Group Freshman Sophomore Junior Senior Graduate No Answer Total
1 1 4 1 1 2 0 9
2 1 4 4 0 0 0 9
3 0 3 0 4 1 1 9
4 0 5 3 0 1 0 9

5a, 5b 2 2 3 6 2 3 18
Total 4 18 11 11 6 4 54

Table 30: Composition of the Groups, Note: Groups 5a and
5b shared the same computer laboratory during the experi-
ments.

is equal to -0.105 whereas the random intercepts for the rest of the groups

are not significantly different from zero). The Cost Premium Model suggests

that Group 3 achieves the lowest cost premium levels (g30 is equal to -0.512),

and Group 4 the highest (g40 is equal to 0.607), while the performance of

the rest of the groups is not different from each other.

The differences in the groups’ performance can be explained by the com-

position of the groups. Table 54 shows the distribution of individuals within

the groups. One can observe that Group 3 is dominated by Seniors and

Graduates (55.6%), while Group 4 has the highest proportions of Sopho-

mores (55.6%). Based on this observation, to ensure more robust results it

would be beneficial to address the issue of the group composition early in

the recruitment stage of the experiment.

Nevertheless, the differences between groups are not large comparing to

the residual variation (which is from 3 to 6 times higher than variation

attributed to subject heterogeneity).

6.7. Sample Size and Power Analysis. A desirable property of the ex-

perimental data would be its ability to yield statistically significant results.

The standard logic of the statistical inference assumes the null hypothesis
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Efficiency Gains from Trade Cost Premium
System
APS, EPS >99% >99% 73%
EPS, ZPS 41% 41% 34%
Dispersion
No Pattern, Wind 9% 7% >99%
Allocation (APS Only)
Asymmetric, Random 9% 17% 6%
Random, Symmetric 8% 11% 6%
Day
1, 2 15% 9% 6%
Repetition
1, 2 11% 26% 11%
2, 3 10% 8% 6%
3, 4 17% 12% 9%
Sequence
1,2 46% 6% 62%
2,3 5% 14% 41%

Table 31: Power Analysis of Series One Data

of not existence of a phenomenon, and defines the circumstances, which will

lead to rejection or non-rejection of this hypothesis based on a specific sig-

nificance criterion. But what if, indeed, the phenomenon does exist and the

null hypothesis is false? Simple rejection of null hypothesis does not guaran-

tee a statistically significant result. At this point, the concept of statistical

power must be considered. The power of a statistical test of a null hypothe-

sis is the probability that it will lead to the rejection of the null hypothesis,

i.e. the probability that it will result in the conclusion that the phenomenon

exists.

The power of a two-sample t-test is calculated using the noncentral t

distribution (O’Brien and Lohr 1984):

(24) Power = Pr(t < tlower, ν,NC) + 1− Pr(t < tupper, ν,NC)
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where tlower and tupper are the α/2 and the (1 − α/2) quantiles of the t

distribution with ν = 2(n − 1) degrees of freedom, NC = δ

(2/n)1/2 is the

non-centrality parameter, and

(25) δ =
‖µ1 − µ2‖

s

where µ1 and µ2 are the means of two samples, and s is the standard devia-

tion. In the independent case, the standard deviation is the pooled standard

deviation, which is calculated as follows:

(26) Sp =
[
(n1 − 1)S2

1 + (n2 − 1)S2
2

n1 + n2 − 2

]1/2

When two samples of different size are drawn from a normal population,

the approximate power values can be obtained by using a harmonic mean

of individual sample sizes n1 and n2

(27) n′ =
2n1n2

n1 + n2

in place of the sample size.

The power levels for the tests of equality of means (at 5% significance

level) are presented in Table 31. The results indicate that the power levels

are high enough for inferences about APS vs. EPS System, however, for

other factors a larger sample size might be required to increase reliability of

sample results and improve the statistical inference.

6.8. Discussion of Results. The environments tested in these experiments

were among the most difficult ones found in the literature. The three major

factors contributed to the complexity of the task. These are (1) the absence

of pre-determined roles (buyer, seller) in the market, (2) the presence of

the initial allocation of items, and (3) non-additive preferences for specific
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packages of items with high degree of overlap. With the absence of pre-

determined roles in the market, the subjects had to decide whether to buy,

sell, or both depending on their valuation (abatement costs) schedules, initial

allocation of permits and their expectation of prices. The initial allocation of

permits added computational difficulty to this situation, since the subjects

had to determine which items in each package are not covered by the initial

allocation, and to submit bids for these incremental items. To price such

bids, the participants had to take into account the value of the package, as

well as the value of the initial allocation. Moreover, a high degree of overlap

between subjects’ preferences over packages added even more complexity to

the environment tested.

APS, No Wind Pattern APS, Wind Pattern

Package (Value) Package (Value)

2A, 2B, 1C, 1D (700) 2B, 1C, 2D (700)

4A, 4B, 2C, 2D (1375) 4B, 2C, 4D (1375)

6A, 6B, 3C, 3D (2050) 6B, 3C, 6D (2050)

8A, 8B, 4C, 4D (2700) 8B, 4C, 8D (2700)

10A, 10B, 5C, 5D (3350) 10B, 5C, 10D (3350)

12A, 12B, 6C, 6D (3900) 12B, 6C, 12D (3900)

14A, 14B, 7C, 7D (4400) 14B, 7C, 14D (4400)

16A, 16B, 8C, 8D (4875) 16B, 8C, 16D (4875)

18A, 18B, 9C, 9D (5325) 18B, 9C, 18D (5325)

20A, 20B, 10C, 10D (5750) 20B, 10C, 20D (5750)

22A, 22B, 11C, 11D (6050) 22B, 11C, 22D (6050)

24A, 24B, 12C, 12D (6300) 24B, 12C, 24D (6300)

26A, 26B, 13C, 13D (6500) 26B, 13C, 26D (6500)

28A, 28B, 14C, 14D (6650) 28B, 14C, 28D (6650)
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30A, 30B, 15C, 15D (6750) 30B, 15C, 30D (6750)

32A, 32B, 16C, 16D (6800) 32B, 16C, 32D (6800)

Table 32: Example of Environments Tested (Valuation

Schedule for Subject 2)

The environments tested in present research are considered “difficult”

ones. First, all of the auctions were two-sided, with no pre-assigned roles.

Second, all subjects received an initial allocation of items, and depending

on this allocation and the market conditions, the subjects decided whether

to buy, sell, or both. Third, the packages of items were more complex

(see Table 32). And even in these extremely difficult environments, the

combinatorial auction showed more than 80% efficiency in 55 out of 96 cases

(57.2%) and more than 50% gains from trade in 65 out of 96 cases (67.7%).

The small number of repetitions of each market also contributed to the

lower levels of efficiency observed for APS system (combinatorial auctions).

Only four repetitions of each market were completed in present research,

whereas to achieve maximum efficiency the combinatorial markets might

require at least 7 repetitions (Ishikida et al.), see Appendix H for a brief

discussion on combinatorial auctions. An improvement in efficiency can

be achieved by allowing multiple rounds within each period, so that the

participants have more opportunities to improve their trade results.

Due to the complex nature of calculations, it would have been beneficial to

include a “Bid Wizard” in the combinatorial auction software. The goal of

this “Wizard” would be to help participants to determine how many permits

of each type are needed to cover selected level of emissions, and what is the

maximum price taking into account the value of initial allocation and the

abatement cost. It would have been even more helpful if the subjects could
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simulate profits from their bids based on their expectation of prices, so that

they can select the right level of emissions without going through numerous

manual calculations. Another potential improvement would be to allow

contingent bids.
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7. Series 1 Conclusions

To assure that people and ecosystems are protected from harmful levels of

pollution, in the Clean Air Act of 1970 and its subsequent Amendments, the

United States Congress authorized the Environmental Protection Agency

(EPA) to establish nationally uniform ambient air quality standards for a

number of pollutants. Although this national air quality standard is defined

in terms of concentration of each pollutant in every location, the practical

pollution control approaches are typically focused on the levels of pollution

emitted by sources. The most commonly used market-based pollution con-

trol systems are designed to control the total level of emissions from sources

by issuing emissions permits and allowing sources to trade these permits

on the open market. The total number of permits issued reflects the emis-

sions standard set by the authorities, and the cost savings are achieved by

allowing the market mechanism to determine the cost-effective allocation.

These systems are extremely robust in case of uniformly mixed pollutants,

however, their optimality is not guaranteed in case of spatially distributed

pollution. Once the relationship between aggregate emissions and the re-

sulting pollution concentration becomes more complex, the emissions-based

systems result in higher than optimal costs in order to achieve the ambient

air quality targets.

Theoretically, the Ambient Permit System (APS) is the best alternative

for controlling spatially distributed pollutants. It ensures that the ambient

air quality targets are met at a least cost by utilizing the information on

source location and pollution dispersion pattern. However, the APS design

requires participants to assemble “portfolios” of permits in order to cover

their emissions. The complexity of transactions and coordination problems

could significantly reduce the potential gains predicted by the theory.



MARKET PERMITS 74

This research utilizes the laboratory experiments to test alternative market-

based systems to control spatial pollution. A substantial body of literature

already addresses the issues of design and implementation of pollution con-

trol systems for uniformly mixed pollutants. However, less research has

been performed on the critical issues of market design to control spatially

distributed pollutants, and very limited information is available on the con-

centration permits systems. This research is aimed at closing this gap by

assessing the performance of emissions and concentration permit systems in

the case of spatially distributed pollution in experimental settings.

Three market-based pollution control systems are analyzed in this re-

search. The Emissions Permit System (EPS) and the Zonal Permit System

(ZPS) are controlling the pollution concentration by limiting the aggregate

level of emissions in the region or zone. The Ambient Permit System controls

pollution concentration by limiting the number of concentration permits

available in the market. By controlling the concentration directly, rather

than using a proxy, in theory APS is capable of achieving the ambient air

quality targets at a lesser cost.

The performance of these three systems is assessed in a variety of condi-

tions described by different pollution dispersion patterns and different allo-

cation mechanisms. The performance is summarized using three metrics, the

overall efficiency, trading efficiency and cost premiums, which are measured

over time in different markets created by groups of subjects.

The performance of the emissions permit systems, such as EPS and ZPS

appears to be more robust than that of the concentration permit systems

like APS. The cost premium measure shows a statistically significant de-

terioration for APS, especially in “Wind” pollution dispersion treatments.

However, the results improved when certain aspects of experiment design

and execution were addressed. The APS is characterized by much higher
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degree of complexity as compared to EPS and ZPS, and a greater emphasis

on trading activity to improve the outcome due to low levels of efficiency

associated with the initial allocation of permits. Therefore learning and

experience play a crucial role in system performance. An improvement in

the APS performance can be achieved through including a “Bidding Wiz-

ard” and allowing contingent bids in combinatorial auction to simplify the

experimental task, and by allowing more repetition, and and iterative (multi-

round) bidding process (i.e. allowing rounds within each period, so that the

participants are given a chance to improve their bids and asks iteratively)

in the experiment design to give a combinatorial market greater chance of

success.

The experimental data supports the theoretical result of independence

of initial allocation proven by (Montgomery, 1972). The local spatial pol-

lution dispersion characteristics prove to be a significant factor in system

performance, especially for APS, which exhibits much higher cost premium

in “Wind” pollution dispersion conditions. The relationship between system

performance and pollution dispersion pattern is quite complex.

The greater efficiency of the emission permit markets per se does not

prove its superiority. Even at high efficiency levels, a small deviation of

the theoretical outcome in EPS and ZPS can result in non-attainment of

the pollution concentration goals. In these experiments, the EPS markets

resulted in the violation of the ambient air standard at one or more receptor

points in 2 out of 24 cases, and ZPS markets in 8 out of 21 cases. For APS,

the concentration targets are met in 100% of cases by design, and therefore

it shows superiority over EPS and ZPS while exhibiting higher costs.

The results indicate that the participants are learning in the course of the

experiment, with the performance improving with the repetition of the same

market, participation in other markets, and completing more experimental
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sessions. The learning effect is much stronger for APS, which places more

emphasis on trade to achieve the cost-efficient allocation of permits.



MARKET PERMITS 77

8. Series 2 Experiments

The Series 1 experiments answers some questions about the ability of

different market based systems to control spatially distributed pollutants.

However, they do not implement an optimally designed combinatorial mar-

ket nor do they include all the aspects of an experimental design for pollution

permits. The second series of experiments improves on the combinatorial

auction design and the experimental design of the first series of experiments.

To make the experimental environment less abstract and to make the

subjects choice between production an pollution permits more transparent,

subjects where required to make a production decision. This was accom-

plished two different ways. The first, was to allow the subjects to make a

production decision; when all the subjects production decision was made,

the goods market was cleared and the price of the good determined. They

were then allowed to enter the permit market to meet their regulatory obli-

gations. Profits were based on the net revenue from production minus the

permit expenditure (or plus the permit revenues). In the second environ-

ment subjects first entered the permit market and made their trades. After

the permit market, they were then required to make a production decision.

Profits were computed the same in the second and first environments.

The second permit structure, where the production decision followed the

permit market, was more profitable to the subjects. This was most likely

because they did not have to anticipate the prices or availability of their

required permits. In the second permit structure, subjects were able to base

their production on their known permit holdings.
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The second addition to the experiments was an Helper. The Helper al-

lowed subjects to enter production decisions, prices of permits, and produc-

tion decision by other subjects and to compute their potential profits under

various scenarios. This addition improved the subjects profitability.

The third improvement was to the design of the combinatorial auction.

Instead of a one-shot auction/market, an iterative market was used. This

varied from 3 to 5 rounds. This variation improved the performance of the

combinatorial market.

Because of the complexity of the permit/production environment, a third

series of experiments was conducted. In this series, the production decision

was made for the subjects. The operated as if they were managers of the

regulatory division of the firm, but were not involved with the production

decision. This simplified the environment for the subjects, but still main-

tained the transparency of the the permit/production trade-off.

In conclusion, the improvements in auction and experimental design im-

proved the performance of the combinatorial auction. At this stage it is

difficult to promise an improvement relative to the non-combinatorial auc-

tions, since the they were not conducted in the same environment. However,

it is likely that the combinatorial (in the improved design) market will out-

perform the non-combinatorial market in the same environment.
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9. Series 2 Conclusions

9.1. Additonal Research. The experiments show that the magnitude of

cost premium for APS depends on the local pollution dispersion character-

istics. Additional experiments might provide more information on the types

of environments where APS may achieve the best results. Moreover, a series

of experiments with different configuration of sources and receptors, and

different parameter set would be useful in learning whether the gains from

trade yielded by APS consistently exceed those of EPS and ZPS systems.

Another avenue for research might involve introducing the “safety cush-

ion” in emission standard for EPS and ZPS to avoid instances of exceeding

the ambient air quality targets as a result of trading inefficiency. Additional

research might provide more insights into the tradeoffs between increasing

efficiency and meeting the concentration targets for emissions-based systems.

A number of assumptions were made in these experiments, and testing

their implications would be worthwhile before extrapolating these results

beyond the laboratory setting. The number of sources and their technology

and abatement costs were constant, and the environmental authority knew

the transport matrix was known with certainty. However, in a stochastic

world, the number of sources and their technology would change over time,

and the task of forecasting the pollution distribution coefficients for each

source is extremely difficult.

Additionally, the subjects could have a more active role in the investment

decision of the firm. The experimental design could have allow the subjects

a choice of technological investment opportunites, which have both fixed and

variable cost structures. In the current design, the investment opportunities

are hiddent in the abatement cost of the firm. This would require that
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the experimental environment encompass a more dynamic structure. The

current software is capple of this enhanced design.
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Appendix A. Impossibility theorems

The impossibility theorem is the reason why in every pollution model the

environmental standard is taken as exogenously determined, simply because

the optimal level of environmental standard is not quantifiable. It is gen-

erally believed (if not well understood) that a competitive market cannot

accomplish to task of an optimal resource allocation when some external-

ities are associated with it. To overcome this shortcoming two alternative

approaches have been formulated. However both approaches do not succeed

in working out a solution.

The first approach has been elaborated by Arrow. It involves the creation

of an artificial market for the externality (i.e. the externality is materialized

in a commodity). Does this mechanism satisfy the two Theorem of Wel-

fare Economics? When we deal with externalities we move in the land of

non-convexity. This places some limitation on the validity of the Second

Theorem of Welfare Economics. In fact convexity of the production set is a

sufficient (even if not necessary) condition for the existence of a competitive

equilibrium. Since this is only a sufficient condition, there can still be a case

where the production set fails to be convex, yet this equilibrium still exist.

But, as (Starett, 1988) shows, the artificial market economy has no such

luck. The argument is quite strait forward. Let the input X be fixed, and

consider the problem of equating supply with demand for the artificial com-

modity Q (smoke, or the right to emit smoke). If the price of smoke, p, were

zero (or positive), the polluter would want to supply a positive amount, but

the victim would not want to “buy” any smoke. On the other hand, if the

price is negative, the polluter pays to the victim the total −p ∗ q > 0 then

the quantity q of smoke is bought by the victim from the polluter. (The

purchase of smoke may be interpreted as the sale of pollution rights by the
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victim to the polluter). Then the victim can raise its profit to an arbitrary

high level by demanding a sufficiently large amount of smoke keeping the

labor input fixed (possibly at zero) Thus there is no price of the artificial

commodity (smoke) at which supply equals demand.

The second approach is based on a pigouvian tax and it grants the exis-

tence and optimality of an equilibrium under less stringent conditions: the

feasible transformation set (i.e. the set of commodity points that are feasi-

ble given the two firms’ technologies and the available input resources) has

to be convex. However this does not hold in presence of strong externality.

Given these impossibility results for economies with externality, we need to

resign to a second best world and give up the idea of a mechanism that can

guarantee both existence and optimality.

Even if the optimal level of environmental standard were theoretically pos-

sible to retrieve, we would still face the problem of design a mechanism that

would result in an outcome satisfying desiderata. It can be shown that in

some economies (for instance, non-convex economies12 or those with infinite

time horizon13 ) there are no Nash-implementing mechanisms. Consequently

the first best is not just theoretically impossible, but also institutionally

unattainable.

12(Casalmiglia, 1977)
13(Hurwicz and Weinberger, 1990)
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Appendix B. Summaries: Pollution Programs

B.1. Europe: European Community Emission Programs. Sources:

Klaassen and Nentjes 1997; Stavins 1999; European Report, April 1, 2000.

Seven western European countries have emission fees, and most of them

are assessed on input proxies.

B.1.1. Denmark. In Denmark, the government tries to reduce sulfur diox-

ide emissions by setting emission standards for new sources. Each year the

Ministry of Environment fixes quotas for the coming eight months after a

review of plans submitted by the power companies. These plans specify

the possible emission reductions and associated costs. The emission quotas

apply to the aggregated emissions of all plants with a capacity of 25 Mwe

or more. Annual ceilings can be exceeded by 10% as long as the cumulative

emission ceilings for a four-year period is not exceeded. Each year the elec-

tricity companies submit reports containing information on past emissions,

future development of emissions, and future pollution control measures. Lo-

cal authorities monitor and enforce actual emission levels.

Denmark just approved a plan for emissions trading of carbon dioxide

credits, and got permission from the European Commission to implement the

plan. The government will allocate permits for free to electricity generators

based on their historical emissions from 1994 to 1998.

B.1.2. Netherlands. In the Netherlands, the national government and prov-

inces set national emission standards taking into account European Commu-

nity emission regulations. Every two years the union of electricity produc-

ers has to report the measures being undertaken to reduce emissions to the

planned level. There are different policies for oil refineries: the government

exacts an average standard of 1000 mg SO2/m3 flue gas for the sum of fuel-

related or process emissions for groups of plants per refinery. There is no
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absolute limit on the emission. The Dutch government also taxes combined

industrial water emissions. The tax is based on the effluent load and the

flow of the receiving waters.

B.1.3. Germany. In air quality non-attainment areas the government allows

the transfer of emission reduction credits among firms. Firms can only build

a new plant in non-attainment areas if they are replacing an existing plant

that is going out of business. The two plants can be owned by different

firms. Since 1983 the government has allowed emission credits created by

plant renovations to offset new plant emissions in non-attainment areas.

Germany taxes water pollution based on the flow and load of the receiving

water. The per unit charge can be reduced for firms that adopt pollution

control equipment.

B.1.4. Slovakia. Slovakia taxes combined industrial water emissions based

on the effluent load and the quantity of the receiving waters. In total,

Slovakia assesses fees on 123 air and five water pollutants.

B.1.5. Hungary. Hungary taxes air pollution emissions based on the height

of the smokestack and the factor by which the allowed levels are exceeded.

Overall, Hungary has fees for 150 air and 32 water pollutants.

B.1.6. Taxes on Hydrocarbons in Italy. Source: Oil and Gas Journal, Feb-

ruary 1, 1999; Stavins 1999.

Italy enacted a program to limit carbon dioxide emissions through taxes.

From 1999 to 2004 the government is exacting a seven percent tax increase

on natural gas for residential and industrial use. The tax on natural gas

includes low-sulfur fuel oil, high-sulfur fuel oil, unleaded gasoline, vehicular

natural gas, and coal in power stations. The government is also upgrading

machinery in the electric power sector to enable power plants to burn natural

gas instead of gas oil and coal. The government says it is encouraging
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lower emissions from cars by encouraging the use of trains, and providing

subsidies to research new ways to produce electricity without producing

carbon dioxide. The government also taxes emissions of nitrogen oxide, at

$123 per ton, based on direct measurement of emissions.

B.1.7. France’s Ecotax Program. Source: Platt’s Oilgram News, January

21, 2000; Stavins 1999.

France is planning to implement a program in 2001 to tax major energy

producers in order to lower carbon dioxide emissions. The tax will be levied

according to the carbon content of the energy that each business uses. In

2001, the tax will be fixed between 150 francs and 200 francs per ton of

energy used. After 2010, the tax will reach 500 francs per ton. The tax will

only apply to companies with annual sales that are greater than 50 million

francs. Exemptions and tax reductions will be granted to companies that

limit their carbon dioxide emissions. For nitrogen oxide emissions, France

charges a tax of about 27 dollars per ton, based on direct measurement of

emissions.

B.1.8. Aircraft Tax at Zurich Airport. Source: Aviation Daily, October 22,

1997; Stavins 1999. For additional information: http://www.awgnews.com.

In September 1997, the Swiss government enacted a tax on emissions-

based aircraft at Zurich Airport to reduce nitrogen oxide emissions. The

tax applies to five categories of aircraft, depending on the age of the plane.

At level five, the cleanest category, there is no tax. At level four, there is an

additional five percent tax over current landing charges. At levels three, two,

and one there are 110%, 120%, and 140% taxes on current landing charges.

Geneva Airport has adopted a similar tax. The tax relates the charge level

to the noise levels of the airplanes.
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B.1.9. The Royal Dutch/Shell Group Tradable Emission Permit System.

Source: Hart’s European Fuels News, February 9, 2000.

This program was started in January 2000 to reduce greenhouse gas emis-

sions by 10% of their 1990 levels. It is a cap and trade program. The program

focuses on carbon dioxide and methane emissions. The Shell program issues

permits that are each worth 100 tons of carbon dioxide or the methane equiv-

alent. The permits are traded on a special internal website. The program

sees methane as a greater threat than carbon dioxide and gives it a value

21 times greater than the value of carbon dioxide. Participants are issued

permits based on 98% of their 1998 emissions, and companies promise to

make a two percent reduction between 2000 and 2003. Participants choose

to either buy more permits or invest in their business to lower emission levels

and sell surplus permits. All participating companies have health, safety,

and environment management systems certified by international standards

to monitor atmospheric emissions. The emissions covered by this program

comprise only 30% of Shell’s total emissions.

B.2. The United States and Canada.

B.2.1. The United States Sulfur Dioxide Emission Trading Program. Sources:

Klaassen and Nentjes 1997; Hahn and May 1994.

The sulfur dioxide acid rain program is a nation-wide emission trading

scheme for electricity producers. Sulfur dioxide emissions have to be reduced

from 19 million tons in 1980 to 16.5 million tons in 1990 to 9 million tons

in 2000. At the end of each year, each power plant has to hold allowances

(an authorization to emit one ton of sulfur dioxide during or after a specific

year) at least equal to its annual emissions. A power plant is never allowed to

exceed the local ambient air quality standards. Every source with a capacity

greater than 25 MW that emits more pollution than its allowances permit
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has to install a continuous monitoring system (CEMS) where emissions are

measured and recorded continuously. Compliance is determined at the end

of the year.

Power plants are given a 30-day grace period in which to purchase more

allowances, if necessary. If a power plant emits more than is allowed a

penalty of $2,000 is levied for each excess ton of emissions. In addition, the

excess emissions have to be offset in the following year. Most power plants

and firms obtain permits through initial free allocations among established

public electricity producers. Allowances are allocated for each year and can

be stored or banked for use in a later year. The distribution of allowances is

based on average fossil fuel consumption from 1985 to 1987. Allowances can

also be obtained from three EPA reserves. 2.8% of annual allowances are set

aside for auctions and direct sales. Allowances can also be obtained from the

secondary market. Newcomers are not allocated any free allowances; they

have to buy them on the secondary market or from EPA auctions and direct

sales. The auctions are held once every year. The EPA records all permit

transfers and ensure that a power plant does not emit more than it holds

allowances. The EPA has an allowance tracking system through required

transfer forms that have to be submitted to the EPA.

The allowance market places an overall cap on emissions while giving

individual emission sources the flexibility in the methods selected to achieve

the desired emission reductions. The only requirement is that a utility or

business must have allowances that cover its emissions.

B.2.2. RECLAIM, Regional Clean Air Incentives Market. Sources: Fromm

and Hansjurgens 1996; Klier, Mattoon, etal 1997.

This program is an emission market for sulfur dioxide and nitrogen oxide.

It applies only to sources emitting at least four tons of nitrogen oxide and
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sulfur dioxide per year, only a small share of the total emitting stationary

source facilities.

The following description records how allowances are allocated. Each li-

cense permits the emission of one US pound of the relevant pollutant and

is valid for one year. The calculation of allowances for nitrogen oxide and

sulfur dioxide are identical for each facility. Each firm is divided into its

various sources of emissions. An annual throughput is ascertained for each

source and then multiplied by an emission factor set by the AQMD and

differentiates between fuel types. This procedure results in an emission

rate per source that would be expected for a given abatement technology.

Allocations are made based on a starting allocation for 1994, a midpoint

allocation for 2000, and an end allocation for 2003. The starting alloca-

tion for 1994 is obtained from the multiplication of the peak activity level

for each nitrogen oxide or sulfur dioxide source from 1989 to 1992 by the

emission factor of the relevant emission source. The emission factor reflects

the emission-reduction measures that should have been enforced by the ex-

isting command-and-control rules up to December 31, 1993. Nontradable

allocations can be purchased for $5,000 per year.

SCAQMD developed trading-zone restrictions as a preventive measure

against hot spots. The area of interest was divided into two zones: the

coastal zone and the inland zone. In the coastal zone an expansion of emis-

sions beyond the starting allocation and emissions of new facilities can only

be covered by buying allowances in that zone. But facilities in the inland

zone can use allowances from either zone. SCAQMD regularly examines the

spatial distribution of emissions and their effect on air-quality standards.

Monitoring and reporting procedures are differentiated according to the

size and type of the source. Sources of sulfur oxide with an emission amount
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in excess of ten tons per year are required to use continuous emissions mon-

itoring systems (CEMS) to measure the continuous concentration of sulfur

oxide emissions or fuel sulphur contents. Fewer requirements are placed on

smaller units. Quarterly reporting of sulfur oxide emissions are made.

Designers allowed firms to set their facilities’ initial baselines on the ba-

sis of actual emissions in one of the four years between 1989 and 1992.

This enabled firms to select a baseline year that reflected what they felt

was a reasonable, recession-neutral production year. After the baseline was

established, each facility was allocated a declining number of RECLAIM

Trading Credits (RTCs) for each future compliance year, based on the facil-

ity’s activity level and current emission factors. The emission factors used

to determine the future RTC allocation were based on the relative control

that would be required of each facility under the Air Quality Management

Plan.

Facilities are assigned to one of two trading cycles. The cycles are intended

to smooth trading behavior. The facilities are free to purchase emission

credits from either cycle. A reconciliation period allows firms to review

their emissions performance and take measures to ensure they meet their

compliance cap before penalties are imposed.

B.2.3. The Nitrogen Oxide Budget of the Northeastern United States. Source:

Farrell, Carter, and Raufer 1999.

This program is a marketable emissions allowance system in the North-

eastern US to reduce tropospheric ozone concentrations. The program in-

cludes almost all fossil-fuel electric power plants in the Northeast. The Ni-

trogen Oxide Budget is a closed emission allowance program, or a cap and

trade program. A fixed number of allowances denominated in quantity of

pollutant emitted are periodically distributed by the environmental agency
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to the regulated sources. Affected sources monitor their emission levels and

at the end of the period turn in one allowance for each unit of pollutant they

emit. An explicit limit is applied to the total mass of emissions released

over a specific time frame. Under the Nitrogen Oxide Budget, the EPA

distributes nitrogen oxide allowances to each state based on statewide emis-

sions inventories and the state environmental agencies allocate allowances

to sources in their jurisdiction. The number of allowances distributed is

calculated as a percentage of total (actual or estimated) 1990 emissions or

the equivalent performance standard. A source may choose which standard

applies to it, and the state environmental agency allocates allowances based

on this standard. Nitrogen oxide emissions are not routinely monitored.

Engineering calculations estimate emissions.

B.2.4. Massachusetts Emission Reduction Program. Sources: Northeast Power

Report, October 1, 1993; Northeast Power Report, May 27, 1994; McGregor

and Shea, December 1996. For additional information:

http://www.mhenergy.com/demos/electric/index.html.

In 1993, Massachusetts was the first state to create an emissions trading

program to sell carbon oxide and nitrogen oxide pollution credits and meet

Clean Air Act amendment requirements. In Massachusetts, companies can

create emission credits through pollution reduction methods. These include

demand-side management, installation of pollution control devices, fuel sub-

stitution, and toxic use reduction. Credits that are created by companies

can be sold to any Massachusetts buyer. Credits can be banked or sold.

1994 was the first year that the Massachusetts Department of Environmen-

tal Protection tested companies to see if they met emission standards. In
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1995 Massachusetts approved emission averaging, a policy that allows com-

panies to average emissions among their facilities to meet pollution control

levels.

B.2.5. New Jersey Emission Trading Program. Source: Industrial Energy

Bulletin, May 3, 1996. For additional information:

http://www.mhenergy.com/demos/electric/index.html.

In 1996 New Jersey established an open market trading system for nitro-

gen oxide and volatile organic compounds to meet Clean Air Act require-

ments. Any firm that reduces emissions below set limits produces discrete

emission reductions (DERs) for trading. A DER is one-tenth of a ton of

emission reductions. DERs have to be certified by a New Jersey-licensed

engineer or accountant and placed in a registry. DERs can be created by

sources outside of the state as long as they are to the South or West of New

Jersey. Only DERs created in the summer ozone season can be used in that

season. Companies that close down are not allowed to establish DERs.

B.2.6. Tennessee Factory Emission Regulations. Source: Charlier, March

20, 1999.

Tennessee established some regulations to take effect in 2003 to limit

the production of nitrogen oxides in that state. Companies will be allowed

to buy the right to emit nitrogen oxides from companies that are already

releasing less than their allotment. The pollution limits for each factory are

based on the size and number of boilers in the factory. Limits are set by the

state Department of Environment and Conservation.

B.2.7. Transferable Development Rights in Long Island, New York. Source:

Economist, September 13, 1997.
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Tradable permits for land use, known as transferable development rights

(TDRs), redistribute land use. On Long Island, several communities de-

veloped a TDR system to preserve the Pine Barrens, a 100,000-acre area

that supplies water to residents. New construction is forbidden on 53,000

acres, and property owners who lose the right to develop their property are

issued credits as compensation. Credits can be sold to a clearing house or a

developer, who can use the credits to build more than would otherwise be

permitted.

B.2.8. Michigan’s Emission Trading Program. Source: Lobsenz, October

15, 1997.

Michigan’s emission trading program to comply with the Clean Air Act

regulates the pollution of nitrogen oxide, carbon monoxide, sulfur dioxide,

particulates, and lead. Companies can buy and sell emission reduction cred-

its without prior state approval, but buyers and sellers must be able to prove

that the emission reductions are real. If companies cannot produce proof,

they are subject to regulatory penalties.

B.2.9. Colorado Program to Reduce Nonpoint-Source Water Pollution. Source:

Stavins 1999.

In 1984 Denver, Colorado, implemented a program to use tradable per-

mits to reduce nonpoint-source water pollution in the Dillon Reservoir, the

major water provider for Denver. The program was meant to control point-

nonpoint-source pollution from phosphorous flows, mostly from urban and

agricultural sources. The program allowed publicly-owned sewage treatment

plants to finance the control of nonpoint pollution sources in exchange for

not upgrading their own effluents to drinking water standards.

B.2.10. U.S. Corporate Average Fuel Economy Standards. Source: Stavins

1999.
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The Corporate Average Fuel Economy (CAFÉ) program was established

under the U.S. Energy Policy and Conservation Act of 1975. It requires

manufacturers of cars and light trucks to meet a minimum fuel efficiency

average for all of their cars sold in the U.S. The minimum average is weighted

according to sales for each fleet of cars. Manufacturers pay penalties for each

car sold in the U.S. according to how many units that car falls below the

average fuel efficiency.

B.2.11. The Ontario Pilot Emissions Reduction Trading Project. Source:

Canada NewsWire, July 29, 1998; Stavins 1999.

The Ontario Pilot Emissions Reduction Trading project was established

in August 1995. This program allows for the voluntary registration of emis-

sion reduction credits below the levels required by government regulation.

Once a company owns a credit, it can transfer ownership of that credit to

another party. The program covers nitrogen oxide, volatile organic com-

pounds, carbon dioxide, sulfur dioxide, and carbon oxide.

Members of the program review the protocol for creating credits. In

1998 the program decided to allow companies to receive emission credits in

exchange for adding Shell Chemical Company’s gasoline additive to gasoline

distributed in Southwestern Ontario. Ontario Hydro was given 35 tons of

nitrogen oxide emission reduction credits in exchange for mixing the additive

into its gasoline. Ten percent of the emission reduction credits created in

this trade were permanently retired to benefit the environment.

B.3. Asia.

B.3.1. Thailand Pollution Control Program. Source: Bangkok Post, May 4,

2000.

In Thailand the Pollution Control Department sets different emission

standards for all factories. The Department recently announced that it
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would place a standard of eleven tons per hour of sulfur dioxide on a specific

lignite-fired power plant, based on a measurement of actual emissions. The

Department measures the emissions at the plant.

B.3.2. Japanese Programs to Reduce Dioxin Emissions. Sources: Daily Yomi-

uri, July 13, 1999; Power Economics, October 31, 1998.

In 1998 the Ministry of International Trade and Industry of Japan an-

nounced a plan to reduce carbon dioxide emissions by six percent from 1990

levels by the year 2010. The reductions are being undertaken in three phases,

and concentrate on the development of twenty technologies to reduce emis-

sions. Through the year 2010 the ministry is reducing emissions through

increased reliance on nuclear power generation and a national energy con-

servation program. In 1998 Japan began the construction of a new nuclear

facility and a light water reactor will be in operation by 2005. The national

energy conservation program includes plans to subsidize up to one-third of

the cost to domestic users for the installation of solar panels, more energy-

efficient insulation and air conditioning, and low emission vehicles. These

programs will result in a two percent reduction of 1990 levels. The remaining

four percent reduction will result from emission trading.

In 1999 Japan announced a program designed to reduce incinerator dioxin

emissions by 2002 to one-tenth of 1997 levels. The program imposes more

strict regulations on businesses in areas with high concentrations of incin-

erators. It punishes or imprisons business owners who do not comply with

the new emission standards. Regulations set a standard for the tolerable

daily intake (TDI) of no more than four picograms per kilogram of body

weight. One picogram is one-trillionth of a gram. The TDI is the maxi-

mum daily level considered safe for ingestion in the course of a lifetime. The

Japanese government sets different standards for dioxins emitted into the
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air and water according to facility type and structure. Individual provincial

governments propose standards.

Business operators who emit harmful gases and waste water at levels

exceeding emission standards are imprisoned for up to half a year or fined

up to 500,000 yen. The punishments are imposed without giving violators

time to implement improvements.

B.3.3. Taiwanese Tax on Refineries and Importers. Source: Hanna, Decem-

ber 30, 1994.

In July 1995, Taiwan imposed a pollution emission tax on refineries and

importers. Refineries are assessed a fixed rate based on the sulfur content of

the fuels they use. Facilities and heavy industry are assessed a floating rate

depending on their sulfur and toxic gas emissions as assessed by the Taiwan

Environmental Agency.

B.3.4. Pollution Programs in Singapore and South Korea. Source: Stavins

1999.

Singapore has had a comprehensive traffic management program since the

1970’s to reduce pollution from vehicles. Drivers who want to drive a vehicle

through the city center at peak travel periods have to buy monthly licenses.

In Seoul, South Korea, drivers passing through certain tunnels have to pay

taxes for vehicles with fewer than three passengers.

South Korea also taxes ten air pollutants and fifteen water pollutants.

Effluent fees are assessed on emissions exceeding 30% of the maximum al-

lowable limit. Penalty fees are only assessed on emissions that exceed the

limit. Penalties are equal to the actual cost of treating the volume of emitted

pollutant.

B.4. South and Central America.
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B.4.1. Mexican Program to Reduce Pollution. Source: Lobsenz, July 9, 1999.

In 1999, Mexico announced that the Ilumex program to promote greater

use of energy-efficient light bulbs resulted in reduced carbon dioxide emis-

sions of 171,000 tons. This program involved the sale of 2.4 million high-

effluency compact fluorescent light bulbs at subsidized prices to consumers

in two Mexican cities: Monterrey and Guadalajara. Consumers were allowed

to pay for the light bulbs in installments on their electricity bills. Mexican

officials said that the cumulative decrease in energy demand from 1995 to

1998 led to less electricity generation and fewer carbon dioxide emissions

from power plants using fossil fuels.

B.4.2. Quito, Ecuador Program to Reduce Water Pollution. Source: Stavins

1999.

Quito, Ecuador has a water effluent charge system. Companies discharg-

ing above national standards for organic content and total suspended solids

pay a per-unit charge equal to the cost of municipal treatment.

B.5. Other.

B.5.1. The World Bank Prototype Carbon Fund. Source: Electricity Daily,

January 26, 2000.

In April 2000 the World Bank implemented a Prototype Carbon Fund

to encourage developing countries to adopt renewable energy technologies,

such as wind, small hydro, and biomass. New energy technologies are fi-

nanced by revenue from emission reductions sold to the Prototype Carbon

Fund. The fund is restricted to $150 million and will end in 2012. The

fund includes six greenhouse gases covered under the Kyoto Protocol: car-

bon dioxide, methane, nitrous oxide, hydrofluorocarbons, perfluorocarbons,

and suflur hexafluoride. According to the fund manager, the program tries
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to take advantage of the fact that the marginal abatement cost for reduc-

ing emissions in developing countries is about five dollars to fifteen dollars

per ton of carbon, compared to $50 or more per ton of carbon in advanced

economies.
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Appendix C. Test of Normality of Data

In order to be able to proceed with the statistical analysis, we have to

examine the normality of the distribution of each performance metric. If the

data satisfy the normality requirement, we would be able to utilize the nor-

mal theory approaches to develop statistical models and test the hypotheses

of interest. To assess normality, we will use the Kolmogorov-Smirnov statis-

tic defined as:

(28) D = max
1≤i≤N

‖F (Yi)− i/N‖

where F is the theoretical cumulative distribution function. It assesses the

discrepancy between the empirical distribution and the estimated hypothe-

sized distribution. For a test of normality, the hypothesized distribution is

a normal distribution function with parameters µ and σ estimated by the

sample mean and standard deviation. The goodness-of-fit tests for normal

distribution for efficiency, gains from trade and cost premium are reported

in Table 33.

Since the conditional distributions for all performance measures are well

approximated by normal distribution, we will use normal theory methods

throughout this research.
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Measure System
(Treatment)

Mean Std.
Dev

Kolmogorov-Smirnov Test
Statistic P-Value

Efficiency

APS (A,B,C) 0.812 0.060 0.097 >0.150
APS (D,E,F) 0.796 0.073 0.089 >0.150

EPS (G) 0.866 0.068 0.168 >0.150
EPS (H) 0.972 0.012 0.149 >0.150

ZPS (I, J) 0.948 0.021 0.133 >0.150

Gains from Trade

APS (A,B,C) 0.561 0.140 0.096 >0.150
APS (D,E,F) 0.579 0.153 0.082 >0.150
EPS (G, H) 0.284 0.351 0.135 >0.150
ZPS (I, J) 0.099 0.320 0.160 >0.150

Cost Premium

APS (A,B,C) 1.150 0.369 0.097 >0.150
APS (D,E,F) 4.213 1.530 0.089 >0.150
EPS (G, H) 1.381 0.389 0.085 >0.150

ZPS (I) 0.636 0.068 0.204 >0.150
ZPS (J) 1.523 0.498 0.166 >0.150

Table 33: Goodness-of-Fit Tests for Normal Distribution
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Appendix D. Description of Series One Data

Variable Description Valid Values

Session Experimental session ID (See Table

12)

1-12

Team Team ID 1, 2, 3, 4, 5a, 5b, 6

Day First or second day of a 2-day ex-

periment

1-2

Period Sequential number of current mar-

ket within experimental session

1-12

Time First, second, third or fourth repe-

tition of the same market

1-4

Sequence First, second or third market within

experimental session

1-3

Treatment Treatment ID (see Table 11) A-J

System Pollution control system type APS, EPS, ZPS

Dispersion Pollution dispersion pattern NP=“No Wind”, WIND=“Wind”

Allocation Initial permit allocation type SYM, ASYM, RAND

Surplus Actual total surplus Integer number

Cost Actual aggregate abatement cost Integer number

Emissions Actual aggregate level of emissions Integer number

R1 Actual pollution concentration at

receptor point R1

Integer number

R2 Actual pollution concentration at

receptor point R2

Integer number

R3 Actual pollution concentration at

receptor point R3

Integer number

R4 Actual pollution concentration at

receptor point R4

Integer number

Surplus NT Total surplus of no trade solution Integer number
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Variable Description Valid Values

Cost NT Aggregate abatement cost of no

trade solution

Integer number

Emissions NT Aggregate level of emissions in no

trade solution

Integer number

R1 NT Pollution concentration at receptor

point R1 for no trade solution

Integer number

R2 NT Pollution concentration at receptor

point R2 for no trade solution

Integer number

R3 NT Pollution concentration at receptor

point R3 for no trade solution

Integer number

R4 NT Pollution concentration at receptor

point R4 for no trade solution

Integer number

Surplus O Total surplus of optimal solution Integer number

Cost O Aggregate abatement cost of opti-

mal solution

Integer number

Emissions O Aggregate level of emissions in opti-

mal solution

Integer number

R1 O Pollution concentration at receptor

point R1 for optimal solution

Integer number

R2 O Pollution concentration at receptor

point R2 for optimal solution

Integer number

R3 O Pollution concentration at receptor

point R3 for optimal solution

Integer number

R4 O Pollution concentration at receptor

point R4 for optimal solution

Integer number

Efficiency Overall efficiency Real number in (0,1) interval

Gains Percent or gains from trade realized Real number in (0,1) interval

Cost premium Cost premium Positive real number
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Variable Description Valid Values

Table 34: Data Specifications
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Appendix E. Linear Mixed Effects Model of Results:

Efficiency

Mixed models analysis can be used as an alternative to the summary

statistics approach to seek answers to our main research questions. An

advantage of using a mixed model is that we can control for the main design

factors through the use of fixed effects, and for participants heterogeneity

through the use of subject-specific random effects.

As with the summary statistics approach, the objective of building a

mixed model is to obtain formal answers to our main research questions such

as (1) how APS outcomes compare to that of EPS and ZPS, (2) whether

the theoretical prediction of independence of initial allocation is supported

by experimental data, and (3) whether the spatial pollution dispersion char-

acteristics impact the choice of the best control system, (4) whether the

learning patterns are different among participants, and (5) whether the

experimental groups are homogeneous. Although some of these questions

can be answered through simple hypothesis testing in a summary statistics

framework, the mixed model approach allows deeper insight into relationship

between the performance measures of interest and factors in experiment de-

sign. It also gives the researcher an advantage of controlling for participants’

heterogeneity through the use of subject-specific random effects.

In my model building process I will take the most simple one factor model

as a starting point, and gradually increase the complexity of the model by

adding new factors one at a time. At each step I will be testing the hypothe-

ses of significance of all factors in the model to determine whether inclusion

of new factors contributes toward understanding the experimental results.

Then I will be looking at the possibility of reducing the model by eliminating

irrelevant factors and interactions without losing much explanatory power.
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This reduced model will be used as a basis for results interpretation and

conclusions.

The simplest mixed model for our data (equation 29) (Model 1a) can be

formulated as:

(29) Effpi = µ+ πp0 + gi0 + εpi

where Effpi is the efficiency observed for group i in the market characterized

by pollution control system p, µ is the overall mean, πp0 is the intercept

parameter of system p (fixed effect), gi0 is the intercept parameter for group

i (random effect), and εpi is the error term, gi0 are i.i.d. N(0, d11), and εpi

are i.i.d. N(0, σ2).

To assess the relationship between efficiency and pollution dispersion char-

acteristics, we will add another factor, dispersion, to the model. Model 2a

can be formulated as:

(30) Effpqi = µ+ πp0 + gi0 + ωq0 + ψpq0 + εpqi

where ωq0 is the intercept parameter of dispersion q (fixed effect), and ψpq0

is the interaction between system p and dispersion q.

To assess the relationship between efficiency and initial allocation of per-

mits, we will add another factor, allocation, to the model. Model 3a can be

formulated as:

Effpqri = µ+ πp0 + gi0 + ωq0 + θr0(31)

+ ψpq0 + εpqri(32)

where θr0 is the intercept parameter of allocation r (fixed effect).

Another interesting question is whether the efficiency is improving over

time, i.e.if endogenous learning is present in the experiment. Figure 8 and
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Figure 9 show the time profiles of efficiency for all experimental treatments.

The APS treatments (A–F) exhibit an upward sloping linear time trend,

indicating the presence of endogenous learning. The EPS treatment G is

also characterized by an upward trend, whereas treatment H shows no time

dependency. Both ZPS treatments (I, J) indicate a lack of time trend.

Based on these observations, one might expect to see a significant interaction

between time and system.

To assess the significance of the learning effect, we will add another factor,

repetition, to the model. Model 4a can be formulated as:

Effpqrti = µ+ πp0 + gi0 + ωq0 + ψpq0(33)

+ (µ1 + πp1 + gi1 + θr1 + ωq1 + ψpq1) · t(34)

+ εpqrti(35)

where πp1 is the time slope parameter of system p (fixed effect), ωq1 is the

time slope parameter of dispersion q (fixed effect), ψpq1 is the time slope

parameter of the interaction of system p and dispersion q, θr1 is the time

slope parameter of allocation r (fixed effect), gi1 is the time slope parameter

of group i (random effect), and εpqrti is a random error.

Another indication of endogenous learning would be an increase in effi-

ciency observed on day 2 as compared to day 1, or an increase in efficiency

observed in second and third market as compared to the first one (sequence

effect). Model 5a includes the Day (D) and the Sequence (S) effects, as well
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as their interaction with System effect as follows:

Effpqrti = µ+ πp0 + ωq0 + ψpq0 + θr0 + α0 · S(36)

+ γp0 · S + β0 ·D + λp0 ·D + gi0(37)

+ (µ1 + πp1 + ωq1 + ψpq1 + θr1 + α1 · S(38)

+ β1 ·D + gi1) · t(39)

+ εpqrti(40)

where α0, α1 are the intercept and time slope parameters of sequence, β0,

β1 are the intercept and time slope parameters of day, and γp0, λp0 are the

intercept parameters for sequence*system and day*system interactions.

Effect Restricted Maximum Likelihood Parameter Estimates

Model 1a Model 2a Model 3a Model 4a Model 5a

Intercept µ 0.962 0.954 0.958 0.950 0.993

System

APS π10 -0.158 -0.157 -0.158 -0.213 -0.357

EPS π20 -0.056 0.003 0.003 0.016 0.051

Dispersion

No Wind ω10 0.024 0.024 0.038 0.050

System*Dispersion

APS No Wind ψ110 -0.008 -0.008 -0.004 -0.014

EPS No Wind ψ210 -0.129 -0.129 -0.207 -0.210

Allocation

Asymmetric θ10 -0.005 0.004 0.002

Random θ20 -0.005 -0.011 -0.015

Sequence α0 -0.024

Day β0 0.001

Time µ1 0.003 0.014

System*Time
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APS π11 0.021 0.015

EPS π21 -0.005 -0.009

Dispersion*Time

No Wind ω11 -0.005 -0.017

System*Dispersion *Time

APS No Wind ψ111 -0.001 0.010

EPS No Wind ψ211 0.031 0.043

Allocation*Time

Asymmetric θ11 -0.004 -0.006

Random θ21 0.002 0.002

Sequence*Time α1 0.005

Day*Time β1 -0.010

System*Sequence

APS γ10 0.038

EPS γ20 -0.016

ZPS γ30

System*Day

APS λ10 0.047

EPS λ20

Table 35: Fixed Effects Estimates (Efficiency)

Effect BLUP Parameter Estimates

Model 1a Model 2a Model 3a Model 4a Model 5a

Random Intercepts

Group 1 g10 0.007 0.001 0.001 -0.011A 0.012

Group 2 g20 0.009 -0.001 -0.002 0.006A 0.000

Group 3 g30 0.044 0.045 0.045 0.020A 0.026

Group 4 g40 -0.049 -0.051 -0.050 -0.036A -0.031

Group 5a g50 -0.002 -0.002 -0.002 0.007A -0.009
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Group 5b g60 0.009 0.008 0.008 0.013A 0.001

Random Slopes

Group 1 g11 0.004A 0.000

Group 2 g21 -0.002A 0.000

Group 3 g31 0.009A 0.003

Group 4 g41 -0.006A -0.005

Group 5a g51 -0.003A 0.000

Group 5b g61 -0.001A 0.001

Variance Comp.

Group d11 0.001 0.001 0.000A 0.0005

Group*Time d12 = d21 0.000A 0.0000

Time d22 0.000A 0.0000

Residual σ2 0.003 0.002 0.002 0.001 0.0019

-2 Log Likelihood -378.0 -383.7 -370.1 -340.2 -321.4

Null Model Likelihood Test χ2 21.63 25.66 24.07 29.95 26.76

# of Observations 141 141 141 141 141

Table 36: Random Effects and Variance Components Estimates A

Small variance problem encountered (too little variability is caus-

ing numerical difficulties, i.e.lack of convergence, in maximization

routine).

The Restricted Maximum Likelihood Estimates of fixed effects and Best

Linear Unbiased Predictor estimates of random effects in Models 1a-5a are

presented in Table 35 and Table 36. It should be noted here that the infer-

ences about significance and magnitude of the effects are generally consistent

across the models.

The interpretation of the regression coefficients in Table 35 is as follows.

In Model 1a, µ represents the average efficiency of the ZPS system, and π10

and π20 represent the average incremental efficiency over the ZPS average
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for the APS and EPS respectively. In Model 2a, µ represents the average

efficiency of the ZPS system under the “Wind” dispersion pattern, π10 and

π20 represent the average incremental efficiency over the ZPS average for the

APS and EPS under the “Wind” dispersion pattern respectively, ω10 repre-

sents the average difference in efficiency between “No Wind” and “Wind”

treatments for the ZPS system, and ψ110 and ψ210 represent the average

incremental difference in efficiency between “No Wind” and “Wind” treat-

ments over the ZPS average difference in efficiency between “No Wind” and

“Wind” treatments for the APS and EPS respectively, and so on.

Model 1a indicates that the System effect is highly significant (see Ta-

ble 37). The value of the intercept (96.2%) represents the average ZPS

efficiency, which is higher by 15.8% and 5.6% than that of APS and EPS

respectively.

Effect Null Hypothesis F-Value P-Value Result

System π10 = π20 = π30 81.15 <.0001 Reject

Table 37: Tests of Fixed Effects (Model 1a)

Model 2a suggests that the pollution dispersion effect is borderline sig-

nificant (see Table 38), however, there is a significant interaction between

System and Dispersion (F=13.06, p<0.0001). For EPS System, the differ-

ence between “No Wind” and “Wind” pollution dispersion environments

is less pronounced than that of APS or ZPS. The EPS System effect (π0)

becomes insignificant (t = 0.15, p = 0.8813) when we control for dispersion

effect, indicating that the difference between EPS and ZPS are not that

great in case of “Wind” Pattern.

Effect Null Hypothesis F-Value P-Value Result

System π10 = π20 = π30 96.90 <.0001 Reject
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Dispersion ω10 = ω20 3.45 0.0654 Fail to Reject

System*Dispersion ψ110 = ψ120 = ψ210 = ψ220 = ψ310 = ψ320 13.06 <.0001 Reject

Table 38: Tests of Fixed Effects (Model 2a)

Model 3a confirms that efficiency is not significantly different under var-

ious types of initial allocation, with allocation effect being insignificant at

the 5% level (see Table 39. This result confirms Montgomery’s hypothesis

of independence of initial allocation.

Effect Null Hypothesis F-Value P-Value Result

System π10 = π20 = π30 62.43 <.0001 Reject

Dispersion ω10 = ω20 3.36 0.0691 Fail to Reject

System*Dispersion ψ110 = ψ120 = ψ210 = ψ220 =

ψ310 = ψ320

12.80 <.0001 Reject

Allocation θ10 = θ20 = θ30 0.11 0.8998 Fail to Reject

Table 39: Tests of Fixed Effects (Model 3a)

In Model 4a, none of the interactions with time is significant at the 5%

level (see Table 40), indicating that there is not much improvement in effi-

ciency with repetition of the same market.

Effect Null Hypothesis F-Value P-Value Result

System π10 = π20 = π30 22.24 <.0001 Reject

Dispersion ω10 = ω20 1.75 0.1886 Fail to Reject

System*Dispersion ψ110 = ψ120 = ψ210 = ψ220 =

ψ310 = ψ320

7.28 0.0011 Reject

Allocation θ10 = θ20 = θ30 0.17 0.8438 Fail to Reject

Time µ1 = 0 3.00 0.1436 Fail to Reject

System*Time π11 = π21 = π31 1.45 0.2395 Fail to Reject
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Dispersion*Time ω11 = ω21 0.21 0.6493 Fail to Reject

System*Dispersion *Time ψ111 = ψ121 = ψ211 = ψ221 =

ψ311 = ψ321

1.38 0.2548 Fail to Reject

Allocation*Time θ11 = θ21 = θ31 0.20 0.8156 Fail to Reject

Table 40: Tests of Fixed Effects (Model 4a)

Model 5a captures the endogenous learning process through significant

System*Day and System* Sequence interactions. It confirms that APS

efficiency increases on average by 4.7% on Day 2 of the experiment (see

Table35), while EPS and ZPS efficiency does not show much improvement

on Day 2 as compared to Day 1. Also, the APS efficiency increases with

the exposure to a sequence of different markets (3.8% increase for every new

market treatment), while EPS efficiency decreases by 1.6% after each new

market treatment. The significance of endogenous learning in APS treat-

ments is not surprising, given the emphasis placed on trade due to low No

Trade efficiency for all types of initial allocation.

Table 41 summarizes the results of F-tests of significance of all fixed ef-

fects in Model 5a. The hypotheses of joint equality are rejected for System

and Dispersion effects, as well as System*Dispersion, System*Day and Sys-

tem*Sequence interaction. The null model likelihood ratio test for Model

5a can be rejected at 5% level (χ2 = 26.76, p<0.0001) indicating a good fit.

Effect Null Hypothesis F-Value P-Value Result

System π10 = π20 = π30 26.09 <.0001 Reject

Dispersion ω10 = ω20 6.08 0.0152 Reject

System*Dispersion ψ110 = ψ120 = ψ210 = ψ220 =

ψ310 = ψ320

15.39 0.0002 Reject

Allocation θ10 = θ20 = θ30 0.26 0.7683 Fail to Reject
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Sequence α0 = 0 2.05 0.1552 Fail to Reject

Day β0 = 0 1.37 0.2446 Fail to Reject

Time µ1 = 0 1.11 0.3402 Fail to Reject

System*Time π11 = π21 = π31 1.83 0.1654 Fail to Reject

Dispersion*Time ω11 = ω21 0.01 0.9162 Fail to Reject

System*Dispersion *Time ψ111 = ψ121 = ψ211 = ψ221 =

ψ311 = ψ321

1.94 0.1482 Fail to Reject

Allocation*Time θ11 = θ21 = θ31 0.38 0.6878 Fail to Reject

Sequence*Time α1 = 0 1.60 0.2091 Fail to Reject

Day*Time β1 = 0 1.98 0.1626 Fail to Reject

System*Day λ10 = 0 4.04 0.0470 Reject

System*Sequence γ10 = γ20 7.68 0.0008 Reject

Table 41: Tests of Fixed Effects (Model 5a)

The mixed models analysis suggests that the APS exhibits lower levels of

efficiency at the beginning, however, the results show improvement as groups

get more experienced, i.e.participate in more markets within the same ses-

sion (Sequence effect) or complete more sessions (Day effect). While in EPS

and ZPS treatments, no significant improvement in efficiency is observed

over time, the APS treatments present an opportunity for improvement

with increased learning in the course of the experiment.

The APS and ZPS efficiency is not affected by the spatial pollution dis-

persion characteristics. The EPS and ZPS show similar levels of efficiency in

“Wind” treatments, but EPS becomes less efficient than ZPS in “No Wind”

treatments (which is partially offset by the tendency for improvement in

efficiency over time for EPS in “No Wind” conditions). For all three sys-

tems, the initial allocation of permits does not affect the levels of efficiency

achieved, confirming the hypothesis of the independence of initial allocation.
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The mixed models analysis indicates better than average performance for

Group 3, and worse than average performance for Group 4 both initially

and over time.
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Appendix F. LME Model of Results: Gains from Trade

To look at gains from trade we use the same statistical models as for

efficiency, except that the dependent variable is replaced by the is the gains

from trade (GTpi) observed for group i in the market characterized by pol-

lution control system p.

Effect Restricted Maximum Likelihood Parameter Estimates

Model Model Model Model Model Modified

1a 2a 3a 4a 5a 5b

Intercept µ 0.136 0.183 0.197 0.016 1.103 1.120

System

APS π10 0.434 0.396 0.392 0.454 -0.845 -0.861

EPS π20 0.116 -0.017 -0.016 -0.144 -0.640 -0.662

Dispersion

No Wind ω10 -0.116 -0.116 0.361 0.133 0.131

SystemDispersion

APS No Wind ψ110 0.098 0.098 -0.354 -0.119 -0.118

EPS No Wind ψ210 0.294 0.295 -0.153 0.181 0.173

Allocation

Asymmetric θ10 -0.017 -0.010 -0.019 -0.003

Random θ20 -0.015 -0.045 -0.041 -0.041

Sequence α0 -0.316 -0.318

Day β0 -0.236 -0.235

Time µ1 0.072 0.088 0.080

SystemTime

APS π11 -0.024 -0.034 -0.026

EPS π21 0.052 0.046 0.055

DispersionTime

No Wind ω11 -0.199 -0.162 -0.162

SystemDispersion Time
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APS No Wind ψ111 0.189 0.154 0.154

EPS No Wind ψ211 0.188 0.151 0.155

AllocationTime

Asymmetric θ11 -0.003 -0.006 -0.013

Random θ21 0.010 0.006 0.006

SequenceTime α1 0.008 0.009

DayTime β1 -0.013 -0.013

SystemSequence

APS γ10 0.354 0.355

EPS γ20 0.168 0.171

SystemDay

APS λ10 0.325 0.323

Table 42: Fixed Effects Estimates (Gains from Trade)

Effect BLUP Parameter Estimates

Model Model Model Model Model Modified

1a 2a 3a 4a 5a 5b

Random Intercepts

Group 1 g10 -0.039 -0.033 -0.032 -0.019 0.036A 0.037

Group 2 g20 0.005 -0.006 -0.008 0.001 -0.026A 0.002

Group 3 g30 0.152 0.151 0.149** 0.056 0.106A 0.120**

Group 4 g40 -0.152 -0.149 -0.147** -0.104 -0.021A -0.105**

Group 5a g50 -0.040 -0.041 -0.040 -0.005 -0.069A -0.068

Group 5b g60 0.074 0.077 0.078 0.071 -0.026A 0.015

Random Slopes

Group 1 g11 -0.005 -0.000A

Group 2 g21 -0.005 0.013A

Group 3 g31 0.034 0.004A

Group 4 g41 -0.019 -0.035A
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Group 5a g51 -0.012 0.001A

Group 5b g61 0.008 0.017A

Variance Comp.

Group d11 0.012* 0.012* 0.012 0.002 0.006A 0.007

Group*Time d12 = d21 0.001 -0.000A

Time d22 0.000 0.000A

Residual σ2 0.039 0.038 0.039 0.032 0.022 0.023

-2 Log Likelihood -31.8 -27.8 -19.4 -14.1 -30.0 -28.35

Null Model χ2 21.72 22.07 20.72 26.93 21.8 20.20

Likelihood Test

# of Observations 141 141 141 141 141 141

Table 43: Random Effects and Variance Components Estimates

(Gains from Trade) A Small variance problem encountered (too

little variability is causing numerical difficulties, i.e. lack of con-

vergence, in maximization routine).

Model 1b indicates that the System effect is significant for APS at 5%

level (see Table 44). The lowest gains from trade are associated with ZPS

(13.6%), whereas APS and EPS gains from trade are higher by 43.4% and

11.6% respectively.

Effect Null Hypothesis F-Value P-Value Result

System π10 = π20 = π30 54.21 <.0001 Reject

Table 44: Tests of Fixed Effects (Model 1b)

Model 2b suggests that pollution dispersion effect is not significant (see

Table 45), however, there is a significant interaction between System and

Dispersion (F=3.39, p<0.0366). For EPS System, the “No Wind” pollution
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dispersion environment is associated with 29% increase in gains from trade

as compared to “Wind” environment.

Effect Null Hypothesis F-Value P-Value Result

System π10 = π20 = π30 56.89 <.0001 Reject

Dispersion ω10 = ω20 0.11 0.7373 Fail to Reject

System*Dispersion ψ110 = ψ120 = ψ210 = ψ220 =

ψ310 = ψ320

3.39 0.0366 Reject

Table 45: Tests of Fixed Effects (Model 2b)

Model 3b confirms that the gains from trade are not significantly different

under various types of initial allocation (see Table 46), with allocation effect

being insignificant at the 5% level (F=0.07, p=0.9322).

Effect Null Hypothesis F-Value P-Value Result

System π10 = π20 = π30 34.42 <.0001 Reject

Dispersion ω10 = ω20 0.12 0.7324 Fail to Reject

System*Dispersion ψ110 = ψ120 = ψ210 = ψ220 =

ψ310 = ψ320

3.36 0.0377 Reject

Allocation θ10 = θ20 = θ30 0.07 0.9322 Fail to Reject

Table 46: Tests of Fixed Effects (Model 3b)

Model 4b suggests a complex pattern of endogenous learning. It shows

that gains from trade do not change much with repetition for APS and

EPS, since the positive System*Dispersion*Time effect is offset by negative

System*Time effect of a similar magnitude.

Effect Null Hypothesis F-Value P-Value Result

System π10 = π20 = π30 8.95 0.0002 Reject

Dispersion ω10 = ω20 4.44 0.0373 Reject
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System*Dispersion ψ110 = ψ120 = ψ210 = ψ220 =

ψ310 = ψ320

1.70 0.1878 Fail to Reject

Allocation θ10 = θ20 = θ30 0.09 0.9123 Fail to Reject

Time µ1 4.12 0.0980 Reject at 10%

System*Time π11 = π21 = π31 4.83 0.0097 Reject

Dispersion*Time ω11 = ω21 4.77 0.0311 Reject

System*Dispersion *Time ψ111 = ψ121 = ψ211 = ψ221 =

ψ311 = ψ321

3.09 0.0493 Reject

Allocation*Time θ11 = θ21 = θ31 0.07 0.9358 Fail to Reject

Table 47: Tests of Fixed Effects (Model 4b)

The time effect is not significant at the 5% level, however, the interactions

of Time and Dispersion as well as Time, System and Dispersion are. This

indicates that the learning is different for APS, EPS and ZPS in different

pollution dispersion environments.

Model 5b confirms that the gains from trade improve with participation

in different market treatments, with APS showing the highest improvement

(which is 35.4% higher than that of ZPS and 16.8% higher than that of

EPS). Also, the APS exhibits higher gains from trade on Day 2 whereas APS

and ZPS do not. This result is not surprising, given the emphasis placed on

trade in APS system due to low efficiency of initial allocation. The Modified

Model 5b is a variation of Model 5b with no random slopes to avoid small

variance problems encountered in Model 5b. The inferences from the Model

5b and the Modified Model 5b are similar. Table 38 reports the test results

for all fixed effects in Modified Model 5b. The hypotheses of joint equal-

ity are rejected for System and Sequence effects, as well as System*Time,
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Dispersion*Time, System*Sequence and System*Day interactions. The Dis-

persion effect, System*Dispersion and System*Dispersion*Time interactions

are significant at 10% level.

Table 38: Tests of Fixed Effects (Modified Model 5b).

Effect Null Hypothesis F-Value P-Value Result

System π10 = π20 = π30 4.45 0.014 Reject

Dispersion ω10 = ω20 3.33 0.070 Reject at 10%

System*Dispersion ψ110 = ψ120 = ψ210 = ψ220 =

ψ310 = ψ320

2.80 0.097 Reject at 10%

Allocation θ10 = θ20 = θ30 0.12 0.885 Fail to Reject

Sequence α0 = 0 11.83 0.001 Reject

Day β0 = 0 0.95 0.331 Fail to Reject

Time 1.24 0.267 Fail to Reject

System*Time π11 = π21 = π31 5.47 0.005 Reject

Dispersion*Time ω11 = ω21 4.07 0.046 Reject

System*Dispersion*Time ψ111 = ψ121 = ψ211 = ψ221 =

ψ311 = ψ321

2.39 0.096 Reject at 10%

Allocation*Time θ11 = θ21 = θ31 0.17 0.845 Fail to Reject

Sequence*Time α1 = 0 0.39 0.535 Fail to Reject

Day*Time β1 = 0 0.26 0.608 Fail to Reject

System*Sequence γ10 = γ20 22.41 <.0001 Reject

System*Day λ10 = 0 15.23 0.0002 Reject
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Appendix G. LME Model of Results: Cost Premium

To look at the cost premium we use the same statistical models as for

efficiency, except that the dependent variable is replaced by the the cost

premium (CPpi) observed for group i in the market characterized by pollu-

tion control system p.



MARKET PERMITS 121

E
ff
ec

t
R

es
tr

ic
te

d
M

ax
im

u
m

L
ik

el
ih

o
o
d

P
ar

am
et

er
E
st

im
at

es
M

o
d
el

1c
M

o
d
el

2c
M

o
d
el

3c
M

o
d
el

4c
M

o
d
el

5c
M

o
d
ifi

ed
5c

In
te

rc
ep

t
µ

0.
98

4*
1.

28
7

1.
25

0*
*

1.
70

3*
1.

30
6

1.
22

2
S
y
st

em
A

P
S

π
1
0

1.
69

7
2.

92
6

2.
91

9
3.

84
9

4.
74

4
4.

87
7

E
P

S
π

2
0

0.
52

4
0.

47
7

0.
47

2
0.

25
7

0.
16

8
0.

30
8

D
is

p
er

si
on

N
o

W
in

d
$

1
0

-0
.9

11
**

-0
.9

11
**

-1
.0

51
-1

.3
11

-1
.3

87
S
y
st

em
*D

is
p
er

si
on

A
P

S
N

o
W

in
d

ψ
1
1
0

-2
.1

51
-2

.1
51

-3
.0

19
-2

.7
47

-2
.6

72
**

E
P

S
N

o
W

in
d

ψ
2
1
0

0.
55

2
0.

54
9

0.
93

2
1.

18
0

1.
20

5
A

ll
o
ca

ti
on

A
sy

m
m

et
ri

c
θ 1

0
0.

08
9

-0
.1

05
-0

.1
49

-0
.2

38
R

an
do

m
θ 2

0
0.

04
0

-0
.0

86
-0

.0
88

-0
.1

00
S
eq

u
en

ce
α

0
-0

.1
86

0.
35

7
0.

38
7

D
ay

β
0

-0
.1

41
-0

.1
45

T
im

e
µ

1
-0

.2
00

-0
.1

82
S
y
st

em
*T

im
e

A
P

S
π

1
1

-0
.3

66
-0

.2
96

-0
.3

26
E

P
S

π
2
1

0.
09

0
0.

16
1

0.
10

3
D

is
p
er

si
on

*T
im

e
N

o
W

in
d

$
1
1

0.
05

9
0.

23
2

0.
25

5
S
y
st

em
*D

is
p
er

si
on

*T
im

e
A

P
S

N
o

W
in

d
ψ

1
1
1

0.
34

5
0.

15
0

0.
12

7
E

P
S

N
o

W
in

d
ψ

2
1
1

-0
.1

46
-0

.3
52

-0
.3

63
A

ll
o
ca

ti
on

*T
im

e
A

sy
m

m
et

ri
c

θ 1
1

0.
07

9
0.

12
5

0.
16

1
R

an
do

m
θ 2

1
0.

04
9

0.
06

8
0.

07
5

S
eq

u
en

ce
*T

im
e

α
1

-0
.1

31
*

-0
.1

33
*

D
ay

*T
im

e
β

1
0.

12
9

0.
13

1
S
y
st

em
*S

eq
u
en

ce
A

P
S

γ
1
0

E
P

S
γ

2
0

-0
.2

75
-0

.3
12

-0
.3

12
Z
P

S
γ

3
0

-0
.0

05
-0

.0
06

-0
.0

06
S
y
st

em
*D

ay
A

P
S

λ
1
0

E
P

S
λ

2
0

-0
.2

94
-0

.2
91

T
ab

le
49

:
F
ix

ed
E

ffe
ct

s
E

st
im

at
es

(C
os

t
P

re
m

iu
m

)



MARKET PERMITS 122

A Small variance problem encountered (too little variability is causing

numerical difficulties, i.e.lack of convergence, in maximization routine).

Another indication of endogenous learning would be a decrease in cost

premium observed on day 2 as compared to day 1, or a decrease in cost

premium observed in second and third market as compared to the first one

(sequence effect). Model 5c includes the Day and the Sequence effects, as

well as their interaction with System effect.

In Model 1c, the System effect is significant (see Table 46), but the es-

timate is significant for APS only, indicating that APS is associated with

the higher cost premium (169.7% higher than that of ZPS). The EPS cost

premium is not significantly different from ZPS one.

Effect Null Hypothesis F-Value P-Value Result

System π10=π20=π30 13.24 <.0001 Reject

Table 51: Tests of Fixed Effects (Model 1c)

Model 2c suggests that pollution dispersion effect is significant (see Table

47), and there is also a significant interaction between System and Dispersion

(F=31.45, p<.0001). For all systems the “No Wind” pollution dispersion

environment is associated with lower cost premium. The difference in cost

premium between “No Wind” and “Wind” pattern is larger for APS, and is

not significantly different between EPS and ZPS.

Table 47: Tests of Fixed Effects (Model 2c).

Effect Null Hypothesis F-Value P-Value Result

System π10=π20=π30 48.52 <.0001 Reject

Dispersion $10=$20 62.26 <.0001 Reject
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System*Dispersion ψ110=ψ120=ψ210=

ψ220=ψ310=ψ320

31.45 <.0001 Reject

Model 3c confirms that the cost premium is not significantly different

under various types of initial allocation (see Table 48), with allocation effect

being insignificant at the 5% level (F=0.09, p=0.9175). This result is in line

with Montgomery’s hypothesis of the independence of initial allocation.

Table 48: Tests of Fixed Effects (Model 3c).

Effect Null Hypothesis F-Value P-Value Result

System π10=π20=π30 30.71 <.0001 Reject

Dispersion $10=$20 61.37 <.0001 Reject

System*Dispersion ψ110=ψ120=ψ210=

ψ220=ψ310=ψ320

30.92 <.0001 Reject

Allocation θ10=θ20=θ30 0.09 0.9175 Fail to Reject

Table 49: Tests of Fixed Effects (Model 4c).

Effect Null Hypothesis F-Value P-Value Result

System π10=π20=π30 10.91 <.0001 Reject

Dispersion $10=$20 20.16 <.0001 Reject

System*Dispersion ψ110=ψ120=ψ210=

ψ220=ψ310=ψ320

13.82 <.0001 Reject

Allocation θ10=θ20=θ30 0.03 0.9724 Fail to Reject

Time 3.05 0.1411 Fail to Reject

System*Time π11=π21=π31 0.81 0.4489 Fail to Reject

Dispersion*Time $11=$21 0.76 0.3858 Fail to Reject

System*Dispersion *Time ψ111=ψ121=ψ211=

ψ221=ψ311=ψ321

1.51 0.2260 Fail to Reject
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Allocation*Time θ11=θ21=θ31 0.11 0.8994 Fail to Reject

In Model 4c, none of the interactions with time is significant at the 5%

level (see Table 49), indicating that there is not much decrease in cost pre-

mium with repetition of the same market.

Model 5c captures the endogenous learning through Sequence*Time inter-

action. It suggests that for all systems the cost premium reduces by 13.1%

with repetition of the same market, and this improvement becomes even

larger with more exposure to different market treatments. The Sequence and

Day effects are not significant at 5% level (F=1.59, p=0.2104 and F=0.58,

p=0.4491 respectively). The Modified Model 5c is a variation of Model

5c with no random slopes to avoid small variance problems encountered in

Model 5c. The inferences from the Model 5c and the Modified Model 5c are

similar. Table 50 summarizes the results of F-tests of significance of all fixed

effects in Modified Model 5c. The hypotheses of joint equality are rejected

for System and Day effects, as well as System*Dispersion interaction.

Effect Null Hypothesis F-Value P-Value Result

System π10=π20=π30 3.65 0.029 Reject

Dispersion $10=$20 23.24 <.0001 Reject

System*Dispersion ψ110=ψ120=ψ210=

ψ220=ψ310=ψ320

19.44 <.0001 Reject

Allocation θ10=θ20=θ30 0.13 0.881 Fail to Reject

Sequence α0=0 1.80 0.182 Fail to Reject

Day β0=0 0.59 0.446 Fail to Reject

Time 0.12 0.732 Fail to Reject

System*Time π11=π21=π31 1.03 0.362 Fail to Reject

Dispersion*Time $11=$21 1.41 0.238 Fail to Reject



MARKET PERMITS 125

System*Dispersion*Time ψ111=ψ121=ψ211=

ψ221=ψ311=ψ321

1.20 0.305 Fail to Reject

Allocation*Time θ11=θ21=θ31 0.43 0.651 Fail to Reject

Sequence*Time α1=0 3.39 0.068 Reject at 10%

Day*Time β1=0 1.06 0.306 Fail to Reject

System*Sequence γ10=γ20 1.01 0.366 Fail to Reject

System*Day λ10=0 0.49 0.486 Fail to Reject

Table 55: Tests of Fixed Effects (Modified Model 5c)

The mixed models analysis suggests that the average cost premium is

higher in APS as compared to EPS and ZPS. The cost premium levels for

APS depend on the pollution dispersion pattern, with much higher cost

premium observed in “Wind” environment. The EPS and ZPS demonstrate

similar levels of cost premium regardless of the pollution dispersion charac-

teristics. The data supports the theoretical prediction of the independence

of the initial allocation of permits, with the levels of cost premium showing

no dependency on allocation for all three systems.

All three systems show a decrease in cost premium with repetition (Time

effect) and experience gained from participation in more markets (Sequence

effect).

The mixed models analysis indicates that Group 3 exhibits superior per-

formance and Group 4 under-performs throughout the experiment, whereas

the rest of the groups are not statistically different from each other.
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Appendix H. Brief Discussion of Combinatorial Auctions

Most of the combinatorial auction environments reported in the environ-

mental economics literature are characterized by pre-determined roles, no

initial allocation of items, and moderate to high degree of overlap between

spatial preferences. (Ledyard and Porter, 1997)have tested the combina-

torial mechanism in three environments. All the subjects played a role of

buyers (one-sided auction), and started with zero items on hand (no initial

allocation of items). All the “easy environments” were single item markets

with increasing, flat or decreasing marginal value functions. The “moder-

ate environments” included an assignment problem (6 different items to be

allocated to 6 persons, only one item can be redeemed per person), and a

synergy environment (3 different items to be allocated to 3 subjects, each

valuing a combination of items higher than the sum of the individual compo-

nents). The “hard environments” included a synergy environment with more

overlap between item combinations, and a “spatial fitting” environment 5

subject 6 items and non-additive preferences for specific packages. An ex-

ample of packages of items and corresponding values used in the experiment

are presented in Table 56.

Simple Environment Moderate Environment Hard Environment

(Additive Values) (Simple Fitting) (Spatial Fitting)

Package (Value) Package (Value) Package (Value)

A (900) A (2) F (9)

B (450) B (2) CD (22)

C (400) C (4) ADE (120)

D (350) AB (23) BCF (128)

E (300) BC (24) BDE (130)

F (250) AC (27)
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ABC (42)

Table 56: Example of Environments Tested (Valuation

Schedule for Subject 1). Source: (Ledyard and Porter, 1997).

In “easy environments”, the efficiency of the combinatorial auction ranged

from 87% to 100%, in “moderate environments” from 86% to 100%, and in

“hard environments” from 58% to 100%. The percentage of revenue real-

ized ranged from 86% to 97% in “easy environments”, from 77% to 96% in

“moderate environments”, and from 20% to 100% in “hard environments”.

In “spatial demand” environment in 90% of cases the combinatorial auc-

tion yielded more than 80% efficiency, and in 90% of tests it exceeded 50%

of maximum possible revenue. In “spatial fitting” environment, in 83% of

cases the combinatorial auction yielded 100% efficiency, and in 90% of cases

it exceeded 50% of maximum possible revenue. Similarly, in (Bykowsky et

al., 2000),the one-sided combinatorial auction was tested in two environ-

ments. In five-bidder, six-item, no initial allocation environment with high

degree of fitting complexity the combinatorial auction showed 92% average

efficiency and 70% of maximum revenue realized.

(Ishikida et al., 2001) tested a two-sided combinatorial auction in super-

additive, strong complement and block trade environments (Table 57) .

Super-additive Strong Complements Block Trades

(All-or-Nothing)

Item1 (Value) Item2 (Value) Item3 (Value) Package (Value) Package (Value)

1A (20) 1B (27) 1C (86) 4A, 3B (100) 5A (350)

2A (55) 2B (55) 2C (144) 7A, 3B (175)

3A (100) 3B (84) 3C (204) 12A, 3B (250)

4B (114) 4A, 9B (150)
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5B (145) 7A, 9B (225)

6B (177) 12A, 9B (325)

7B (210) 4A, 13B (175)

8B (244) 7A, 13B (250)

9B (279) 12A, 13B (335)

10B (315)

Table 57: Example of Environments Tested (Valuation

Schedules) Source: (Ishikida et al., 2001)

The super-additive environment included 3 items and 6 subjects, with

marginal values defined for individual items. The subjects were assigned to

either buyer or seller role, and the sellers received an initial allocation of

items.

The Strong Complements environment included 2 items and 6 subjects

with no initial allocation, and marginal values defined for combinations of

items and all subjects playing buyer role. The Block Trade environment

included 1 item and 6 subjects with no initial allocation, and marginal values

defined for blocks of items, and all subjects playing buyer role.

In super-additive markets, the combinatorial auction yielded from 0% to

100% efficiency, with over 90% efficiency reached by iteration 4. In strong

complement markets, the combinatorial auction yielded from 0% to 100%

efficiency, with over 80% efficiency reached by iteration 5. In block trade

environments, the combinatorial auction yielded 0% efficiency in 3 out of 7

iterations (no trade occurred) and 100% efficiency in the rest of iterations.

In all environments, around 7 iterations were required to achieve maximum

efficiency.
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