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ABSTRACT

CAP-AND-TRADE AUCTION DESIGN
Matthew OlsonPh.D.
George Mason Universitg015

DissertatiorDirector: Dr.Karla Hoffman

Capandtradeis the predominant regulatory framework for limiting limit greenhouse gas
emissions.The US sulfur dioxid¢SCOy) market(under which compliance began in 1995
to combat acid rainyas the first modern cagndtrade marketand n satisfying
environmental objectives at acceptable dbftecame théasis of the greenhouse gas
markets thabegan to emerge decade later.The European Unionow operates the
Emissions Trading Syste(@TS), t he wor |l ddés | argest greenho
In North America, two regional markets now exist. The Regional Greenhouse Gas
Initiative (RGGI) governs emissions mine northeasterstates California and Quebec
operate a joint market under the Western Climate Initiative (WAVDrldwide,
KazakhstanSouthKorea,New Zealandand Switzerlan@ach operate a market. Japan
has two regional markets. China operates multiple experain@gtional markets.
Soonto-bereleased (summer 20185 federal regulation will impose a greenhogae

emissions cap on each state, but will leave the states free to implement their own means



of satisfying the capCompliances to begin no later tma2018, and ap-andtradewill

loom large in the consideration of regulatory mechanisms witB@enarket,ETS,

RGGI, and WCI figuing mostprominently

This dissertation is an investigation of eapdtrade market desigwith focus on

specifics of thdour benchmark marketd use the economics laboratory to investigate
auction design and frequency. | then tiegaboratoryresultsin a simulated market to
investigatethe effect of hedging and speculative trading which emerges when unused
allowancesdo not expire (unlimitethanking)

The laboratory work shows théit) the secondary marleehot the primary market
government sales, are the primary means of both price discovery and overall market
efficiency; (2)market prices reflect an expectation of future market pricesymmogdiate
compliance value equilibriungnd(3) frequent, government sales, rather than infrequent,
large auctionsieducemarket price without negatively affecting total efficiency.

The simulation work investigates theeparation omarket pricéfrom immediate

compliance equilibriumWh en banking is permitted, trade
price, risk preferences, and endowments come together to igpecelative andr
hedgevaluesfor allowancesn addition to the immediate compliance valliée

simulation shows that thisan crete and amplify price volatility. This idespite the fact
that unlimited banking is uniformly allowed in modern markets specifically as a risk

reduction mechnism.



1 INTRODUCTION

Cap-andtradeis the common name for a mark®sed air pollution regulation
scheme in which the government establishes a fixed number of tradable allowances each
of which represents the legal right for its owners to emit a fixed quantity of pollution. A
firm holdingan allowance can emit the fixed quantity and surretideallowance to the
regulator or if the firm can abate its emissions, it can profit by selling the allowance to
another polluter than cannot so inexpensively abate emissions. The fixed qualnity is t
6capb6b. The excheatnwgee o fp allll wtwearns eiss bt he Ot r ¢
exchange, theory holds that market price is equal to the cost of removing one additional
unit of pollution from the capt h e magglegatenarginal abatement cost.
The viability of capandtrade was demonstrated by the US sulfur diox&1&,)
market under which compliance began in 1995. The economic and environmental
successes of the program spurred the creation of two regional North American markets
and the Europeddni on és E mi s ysteno ralsthreE of avididh regulat®
greenhouse gas emissions. Though other mechamsoss jotablya carbon tax) are
also considered for future regulatory frameworks, onlyaragbtrade is in active use for
imposing greenhousgas limits. In 2010, legislation to establish a federal market failed,
but interest (and urgency) in capdtrade market design hasbeerirg ni t ed by EPA

greenhouse gas emissions rules which are to be releas@dimer 2015 Those rules



willcapea h st ateds total emissions while all ow

regulatory mechanisms to satisfy the cap.

1.1 Research Summary
This dissertaibbn examineshe design of capndtrade markets. The initial focus

is on the design of the auctions withiah the government releases allowances into the
market. Whaguction design is best suited to a US greenhouse ganddmde market,
and what rules must accompany the auction to accomplish regulatory objectives?
Findings in this work then lead to a final investigation imiarket rules that allow the
bankng of allowances over compliance boundaries.

The auctiorspecific investigation is predicated on the fact thatians have
played an increasingly prominemie as the means by which governments release
allowances into the market. Under the;®@rket, more than 97% of allowances are
assigned for free to the regulated community. In the European ptaketajority of
allowances are now auctied Underthe Regional Greenhouse Gas Initiative (RGGI)
the market covering nine northeastern statafenost all allowances are auctioned. The
rules and frequency of auctions across these markets are inconsistent, and are the focus of
this research.

We see irthe literature reviewhat the theoreticditerature informgshese
guestionsbut is incomplete relative to the practical complexities of these markets.
Additionally, drect econometricomparison othe designsvith data from the natural
markets is dficult because of the many confounding factors. And so it isthéh

economics laboratory that | investigate first the effect of privacy (disss the



g o v e r nfolleeportingof bid valuesand identitiechange market price@ndthen

the frequencyf auctiongdoes the time span between auctions affect market jprice?
Thelastportionof the research is an investigation of banking rules. An

unanticipated result of the two auction experiments is the revelation of a tendency for

laboratory subject® trade well above the marginal cost of compliance early in markets

where allowances can be banked across compliance boundaries. | use simulation to

investigate market price dynamics resulting from treatments on the speculative and hedge

valuation of albwances that causes the separation.

1.2 Research Contribution
This work consists of two primary contributions.

First, Ishowexperimentally that given a fixed number of allowances that a
government has to release into a market, more frequent auctions teddde market
price without effect on overall efficiency. | am unaware of simjlar work in the
experimentaliterature. Further, there exist no gatheoretical models of equilibrium or
bid/ask strategy that offer any insight on this questio® makets are too complex.

Second] show that banking@ a provision included uniformly across modern
markets to reduce market risk and volatilit§oes not neceasly reduce volatility.
Instead banking induces speculative and hedge valuations thaincplify aseparation
of market price from marginal compliance cost. The result can be a market that is more

susceptible to theolatility that the rule is meand minimize.



2 PROBLEM DESCRIPTION AND DISSERTATION OUTLINE

As an environmental policy, arsgheme to limit pollution is viable only if it
satisfies environmental targets and is sustainable moving forward in time. A design
objective of any such scheme is to minimize the cost of satisfying the environmental
target. It is with the cost minimizat objective that capndtrade in general is superior
to traditional commandndcontrol Under commandndcontrol,the regulator imposes
a limit on total pollution output or pollutiorate for individual facilities. While there
may be some considerati of projected emissions control requirements, there can be no
consideration of realized control costs or demand shifts for production outpder
capandtrade,the regulated entities continuously consider emissions control and external
market forcess they participate in the allowance market to finddahestaggregate
cost of meetinghte overalicap

The market that actually allows participants to minimize aggregate cost must be
carefullyconsidered, however. In constructing a market, desigeelsto maximize
market efficiency (allowances are eventually used by producers who can produce the
most amount of wealth from them), minimize participation costs, ensure transparency
(cause and effect of interactions are weltlerstood and can be antaigd), and ensure
that participants can still effectively compete is complementary markets.

The initial allocation of allowances to market participants is always a prickly
processg one that can be politically fraught. Auctions have been introducedioweer t

across markets with the primary design objectives of imprgwiiog discovery,



efficiency, and transparency. They also serve to satisfy political demand that producers
pay for the right to pollute, rather than have that right given to them.

In thisdissertation, | exclude all political factorsamely that some fraction of the
mar ket 6s all owances wil | be auctioned whil
cost | assume that regulators will continue to modify extantaagtrade markets to
meet design objectives, and | assume that additional markets will emerge. Most
specifically, I undertook this work originally in anticipation of a federal greenhouse
market. Now, it will inform the state and regional markets that are likely to emerge in
response to 2015 regulation.

To inform the discussion of experiments that foll@egction3 provides a
literature reviewof cap and trade auction digis and experimental testing of auction
designs

Sectiond presentghe first experimentln this experiment, | investigate the effect
of revealing bid information after the periodic auctions. At the start of this work, the
literature and practic&ere converging to the use of a uniform price auction with the
argument that they would allow more truthful bidding and encourage higher market
efficiency as a result. Federal practice (and indeed, intent) at the time, however, was to
fully reveal bids (@entity, price, and quantity) after each auction. My question is
whether the full revelation of information overrides the presumed benefit of the uniform
price auction. Does the lack of bid privacy alter price dynamics? The experiment shows

no systemat effect of the privacy rules, but does show a consistent separation of market



price frommarginal abatement costhat is, the auctions, regardless of privacy rules
appear not to aid price discovery or market efficiency.

Section5 discusses the secotaboratoryexperiment. Herggiven the results of
the first experiment, test the efficacyand practical utility) ofarge, periodic auctions. |
replace the laye infrequent auctions with sales directly into the secondary market. If the
large auctions are drivers of efficiency and price discovery,rfakets that employ
themshould generate more wealth and be better representatve @ mar ket 6 s aba
cod than are markets without. | show that not to be the case, and the practical effect is to
challenge the design that has emerged as standard practice for North Ameraad cap
trade markets.

Section6 describes my final experimehnta simulatiorbased investigation of
speculative and hedge valuations induced by rules that allow participants to retain unused
allowances over compliance boundarigsis closely folows the laboratory experiments
in which banking was unconstrained and price consistently separated from marginal
abatement cost. Here, the question is whethearket that allows unconstrained
banking can demonstrate that separation without bids tbhaedxrevious market price.
| show that that this is indeed the case. The practical implication is that allowance
bankingi counter to its explicit purpogecan induce the separationrofirketpricefrom
abatement cost, and it can indwodatility.

Sedion 7 andSection8 close the dissertatiomith a summary of findings and

questions for further investigation.



3 LITERATURE REVIEW

The literature review begins with a set of definitions and terminolvggthen
proceed to the academic literature on the many relevant types of one sided auctions (from
the single unit, single event auction through combinatorial designs) and tien to
relevant double auctiontéirature. Following that, waresenthe history ofemissions

markets, the literaturgscific to them, and market reparts

3.1 Definitions and terminology
This is an operations research dissertation that considers auction and general

market design. While much of the original auction literature with its gheweticbasis
originated from the OR community, market design is a subjects now more at home in the
economics literature. As such, some of the terminology may be unfamiliar to the
intended audience. Those terms and definitions are provided firghgection (rather

than spread throughout the document as they are introduced) to provide a single point of
reference.

A marketconsists of three parts: environment, institutions, and behaviors (Smith,
1982). Environmeni s t he col | e c acioms,racloithitsbwen mar ket 6 s
endowments and operating constraints. ifisgtutionsdefine property rights,
communications, and transactions. In this application, an auction with its bidding rules,
timing, and information reporting rules is an institutiorhe behaviorsare the actions of

the market participants in response to each other, the environment, and the institutions.



An experimental markas a market that exists only in the economic laboratory.
The experimenter controls (to the extent possible) the institutions and enviranment
specifically therules of the auctions, tteubj ect s6 val uati,@amds for t
their information&and capital endowmentsTlest subjects provide the third elemeht
behaviors In doing this, beyond the backgrounds of the participants themselves and the
actualmoney they are paiat the close of the test sessitie market is insulated from
the brader economy.

A natural markeis a market that exists outside of the laboratory setting. The
market may have evolved over the course of tiemg.(astock exchange); it may be
market designed for a specific purposay(,the emissions markets themselueThe
researcher cannot contiobnd may not be able to fully descrioée he mar ket 6s
environment, the institutional rules, or participant endowments. Though it may be
natural to refer to such markets as fAreal o
experimental markets are no less real. In both natural and experimental markets, profit
motivated subjects interact through institutional ruless specifically the profit
motivation that allows one wraw parallels between the laboratory and the oad
world.

Property rightis a legal and economic term. In the discussion of emissions
markets, | use it only to mean the option for its holder to emit some fixed quantity of
pollutant. A firm (or subject) holding the right can transfer (sell) it to avattarket
participant, or it can surrender the right to the regulatory agency and emit the stated

amount of pollution into the atmosphere.



Allowancei s t he EPAGO6s preferred term for the
emit a fixed quantity of pollutdn. I n other discussions, syn
Apermito, and Alicenseo can carry subtly d

A bid is an offer to buy.

An askis an offer to sell.

A onesided auctions one in which the competition is alh one side of a sale.

In all onesided auctions discussed here, the government is the single seller. The entities
regulated or participating in the capdtrade market compete on the buy side of the sale.
The winning bidder is the one who offers taghase the good at the highest price.

A sealedbid auctionis an auction in which bids and asks are solicited only once
per exchange. Participants are offered no feedback on their offers until the end when the
auctioneer announces winners and then maneygoods trade hands.

A dynamic auctioms one in which bids and asks are solicited multiple times
before an exchangeccurs. Our discussion of dynamic auctions will be focused on an
ascending design (also known asEanglishauction), but the descendiagction Dutch
auction) does appear in the introductory discussion on auctions. In a dynamic auction,
bidders express willingness to pay an increasing cost for an item (or multiple items) until
demand equals supply. In the case of single unit agctiie means that only a single
bidder remains. The difference with a sedbatiauction is that the bidders have the

opportunity to modify their bids (usually with some restrictions) over the course of the

auction before any exchanges are made.



A clock aution is a dynamic auction where the auctioneer controls the price
change between rounds. That change can be a fixed amount each round or be subject to
some rule that is a function of surplus demand. When thécti@nge in clock pricay a
function of sirplus demand, the ticks are larger with higher levels of excess demand and
smaller with lower levels of excess demand. The point is to speed progress through early
rounds while maintaining precision when converging on a final price.

A reserve pricas a minimum acceptable bid price in an auction. The auctioneer
will reject any bid below the reserve price even if that means that the items for sale
remain unsold. The reserve price is generally announced before bids are solicited, but
casesexistwhere the reserve price remains private to the auctioneer only.

A first price auctionis a single unit auction where the winning bidder pays her bid
amount. For multiplainit sales, the termiscriminatory priceauction is equivalent.

More detail on such nftiple unit auctions follows below.

A second pricauction is a single unit auction where the winning bidder pays the
amount of the second highest bid.

For this discussion, laid curveor demand curvés a set of buy offers ordered
from highest price to lest price. If presented on a quanptyce plot (x and y
respectively), the curve has a slope less than or equal to zero. As an example, a bidder
creates a bid curve of three buy offers. For the first, she offers $10; for the second, $8;
and for thethird, $2. The demand curve is always ordered highest to lowest.

Likewise, amask curveor supply curvas a set of sell offers ordered from lowest

price to highest. The curve has a slope greater than or equal to zero.

10



For the purposes of this discussitite termuniform price auctions a onesided
sealedbid auction where the government is the single seller of multiple homogeneous
units (allowances in our world). Each bidder submits an individual bid curve. The
auctioneer then assembles the individuales into a single bid curve, again sorted
highest to lowest. I units are offered for sale, then théighest bids in the bid curve
are awarded units. (This assumes that each bid is for only one unit. Wheomiuwids
are allowed, the winningidis are the smallest set of the highest bids whose quantity sums
to at leash. The lowest winning bid, therefore, may not be fully satisfied in quantity.)
The winning bidders then pay a single piid#e clearing pricei per each unit won. For
all audions in this discussion, the clearing price is the highest losini thiat is, the bid
for then+1™" unit. If more bids are offered at the lowest winning price than can be
satisfied, then ties are broken randomly. In this case, the clearing phiedighest
losing price- is equivalent to the lowest winning price.

A discriminatory price auctiofs like the uniform price auction in execution, but
the winning bidders pay the amount they bid, not the clearing price. A single unit first
price auctions a discriminatory auction. Tligscriminatory priceterm is usually
applied to sales of multiple unit&.singlesided discriminatory price auctias usedn
the first experiment. In the discussion of natural markets, | will note an instance in which
the discriminatory auction is twsided in design (sellers can submit an ask curve to the
auction and be paid exactly their ask amount if they win) but issiwleel in practice in
that since inception, no private sellers have participated, thus makingvd@gent the

single seller.
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In arevenue neutral auctigrthe auctioneer does not keep the revenue raised in
the auction. Instead, he disburses it, according to some rule, back to the market
participants.

A combinatorial auctions an auction in which multiple assets are offered for sale
simultaneously and bidders through a specified bidding language (Nisan, 2086 offer
examples of such languages) can offer AND, OR, and (or) XOR bids on packages of
goods. The point it providebidders the ability to ensure that they do not win
duplicative goods or only parts of a whole. Such auctions were intended to be the focus
of this research, and their various forms are discussed more thoroughly later in this
document.

A continuous doublauctionis a twesided exchange. Multiple buyers and
multiple sellers participate simultaneously, making offers as they see fit whenever the
institution is open. Trades are made when
t han a bedyprce. dlsis isdtfe ingitution used on all of the large trading

exchanges (e.g. NYSE, NASDAQ).

3.2 General economic literature
This dissertation is focused on the design of the primary market adictioas

government saléswithin the context of an ongag secondary market. This means that
we look both at the literature on singlsdied auctions and the literature of double

auctions. We begin with the single sided variety.
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3.2.1 Auction literature
Perhaps not surprisingltheoretical and experimental resudhsm multiple

threads of the auction literature apply to thigestigation. We discuss thamthe
context of their bearing on the emissions markets.

We start with single unit auctions. We begin this discussion with single shot
auctions where the bieds have independent, private val(i@igdervalues are drawn
from a common and known distribution, but the realized values are known only to the
holder)for the item(s) sold. This is the starting point for any discussion of the auction
literature. We tendiscuss common value auctions since, in an emissions miet,
seondary market price providescammon(but uncertain) lower bound on the value of
allowances We then make the resale opportunity explidite bidder winning the
original sale can fasequently sell the item in a follean event. In these models, the
resale mechanism is defined, and we see that the mechanism strongly influences
behaviors in the original sale.

We then discuss sales of multiple homogeneous units. This can take tlae form
single sale or a series of sequential sales. We close this section on the auction literature
with a discussion of combinatorial auctidnthe originally intended focus of the

dissertation.

3.2.1.1 Single unit auctions
Vi ckr ey 0 s isdemifalto qt@mtleeory spanning naltiple problems

that help direct auction research in the following decades. In his discussion of single
unit sales, he shows the strategic equivalence between second price sealed bid auctions

and English auctions and the strategguivalence between the first price sealed bid and
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the Dutch auction. He also shows the more surprising result, that giveretstl

bidders, who all have a private value independently drawn from the [0, 1] uniform
distribution, the expected reventesulting from all four auctions is equivalent. The
optimal bids are not equivalent given the realized valuations across the four, nor are the
revenue distributions equivalent, but the means on the revenue distributions are. These
two results, the straggc equivalences and the revenue equivalence, remain the lens
through which auction research is presented.

Meyerson (1981) and Riley and Samuel§t#81) find a more general revenue
equivalence result. Both show that with the assumption chesitral bdders with
private values drawn independently framy common distribution, the expected revenue
for anystandard single unit auction where the high bidder is awarded the item is
equivalent.

Experimentalists continue tpectveanpl|l or e au
revenue and strategy. With the simple case of the single unit for sale, laboratory
investigations show consistent deviation from risk neutral Nash equilibrium (RNNE)
bidding, and they show that neither revenue equivalence nor strategic eurevabdds
in general. In the two strategically equivalent pairs, the sealed bid variants in the two
pairs yield bids higher than RNNE and higher than their dynamic counterparts whose
bids are more varied relative idemceRNNE. Ka
mounting for this conclusion over the course of fifteen years and closes with the
speculation that the sealed bid versions focus bidder attention on price while the dynamic

versions focus attention on profit.
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After laboratory experiments fourtde ®nsistent deviations from theory,
attention turned to explanations for the overbidding, especially in the case of the first
price auction. Risk aversion is an intuitive explanatiomdeed, Vickrey himself
realized that without the risk neutrality assuiop, revenue equivalence fails as the risk
averse bidder will increase her bid to improve the likelihobdinning at the cost of the
reducing her winnings. The questions of
open. Isaac and James (2000) stiwat the overbidding might simply be a mistéka
function of bidders not fully understanding the environment. Dorsey and Razzolini
(2003) and Armantier and Treich (2007) attribute the overbidding more to probability
miscalculation than to risk aversiofeliz and Ozbay (2007) and Engelbre@iggins
and Katok (2007) explore regret theory as a possible explanation. Kagel amd Lev
(2011) are skeptical of the regret theory explanatmtsummarize previous work
supporting the idea that subjects are erlikely to increase bids orderto increase the
chance of winning than they are to decrease bidartanore when they do win.

Neugebauer and Selton (2006) also investigate overbidding in first price auctions,
andtheir results are particularly relewan this investigation. They pit a human subject
against computerized competitors in a sequence of independent auctions with the data
provided to the human subject after each auction and the number of computerized bidders
as the treatment variables. Taeare treatment effects, but in all cases, the human
subjects on average increase their bids relative to RNNE over the sequence of auctions.
That is, over time, against biddevgh unchanging stratégs, subjects increase their bids

to increase the chaa of winning at the expense of the size of any profit.
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For the second price pastrategic equivalence also fails in the laboratory, but
there is no obvious intuition guiding an explanatiémneither thesealed bichorthe
ascendinglock can there be amgdvantage to bidding either above or below true value.
Kagel 6s 1995 survey shows a series of stud
above true valuation in the second price auctions, but as with the first price pair, the
explandion as to why remains open (Kagel and Levin, 2011). In the first survey, he
shows the tendency to overbid in the sealed price variant is consistent over a large
collection of studies. He also shows that consistent across experiments featuring a series
of independent ascending clock auctions, bidders quickly converge to the dominant
strategy of truthful bidding. Importantly for our application, he notes that both McCabe
et al. (1990) and Van Huyck et al. (1993) show the same to be true for when multiple

units are sold with an ascending clock.

3.2.1.2 Single unit common value auctions
With common value auctions, we begin to see literature that considers

environments where the auction is only the start of market interaction. In the common
value auction, biddersompete for an item of unknown, but common value, and the
difference between the bidders lies in their understanding of the value. That
understanding is in the form of a private signal drawn from a random distribution that is
known in form and fixed relate to the unknown common value. Resale is not explicit in
the model, but when the common value is considered as proxy for an auction with resale,
the common value is the price that the market will eventually pay for the item. In the
context of an emisens market, the common value element of the auction is the

secondary market price. Market participants have a private value of an allowance
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dictated by the cost to abate their most difficult units of pollution, but they have a
common value for allowanceisat they do not need for compliance.

Theoretically, in the base case of symmetric, independent psigaialswithout
extra available information (as would be available, for instance, in an ascending auction
where the number of remaining bidders is pr)blievenue equivalence still holds across
auction formats (Myerson, 1981), and the risk neutral bidding strategies yield positive
expected bidder profits. If, however, there is a combination of public and private
information, bidders stilhave a positig expected profit, but there is a theoretical seller
revenueranking (Milgrom and Weber, 1982) witn English auction expected to yield
more seller revenue than a sealed bid second price auction, which in turns is expected to
yield more revenue than a $s@bid first price auction

Experimentally, as is the case with the private value environments, there is
systematic deviation from theoretical risk neutral in common value auctions. Most
prominently, the Wi nner 6s Cmoneybypaysgnpoeer vas i
than actual value of the item sold. Three threads of thenconvalue literature are
relevant here. Kagél995 and Kagel and Levi{201]) summaize.

First, the revenue ranking expected when some common information exists is
generdly the reverse of anticipated theory. This addition of common information
parallels the emissions markets with the ongoing secondary market separating the
auctions. First price auctions tend to raise more revenue than second price auctions,

which themseles yield more than the English auctions.
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Second, additional information tends to reduce revenue,iaipeath
inexperienced biddeiiscounter to theoretical expectation. Theory shows that bidders
raising their bids in response to common informatidhlsive positive expected profit.

In the lab, common information lowers bids and dampens the effects of the Winners
Curse. Bidders revaluate their private signals, and bid lower. Before common
information yields the theoretically expected rise in biidders have to first be highly
experienced and earning positive profits.

Third, experience reduces the tendency
values auctions, but it does not entirely eliminate it. Experienced bidders consistently bid
above RNNE.This is both a function of subjects learning over the course of multiple
experiments and also subjects saécting out of subsequent experiments when they do
poorly in initial sessions (Garvin and Kage895).

Further, of interest to a practicg@ication, experience in similar, but not
identical, environments does not yield an advantage in a parteowaonment. Dyer et
al. (1989) discusan experiment on the common value auction specifically. They
consider student subjects and profess®ifraim the construction industry where firms
have similar cost structures and the individual auctions can plabsidgscribed as
common value. The professionals were no |
were student subjects, with the simiiabeing chalked up to the dissimilarities with the
actual industry environment. More recent work with a private value auctions shows
dissimilarities in behaviors between subjects recruited from eBay where frequent sellers

show a strong tendency to undeérim second price auctions, yet frequent buykreot
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(Garratt et al., 2012 Theoffered explanation is that if a seller has to first buy a good for
later resale she must purchase below actual value to sell at a profit. The lesson is that

participantsan specific environments do apply previous knowledge to new environments,

but that such knowledge doesndt necessari.|l

new environment.

3.2.1.3 Single unit auctions with an opportunity for resale
Drawing closer to themissions markets, we now consider cases where resale

opportunities are explicitly considered. In these environments, the price eventually paid
in the aftermarket creates a common value consideration for the initial auction, but when
information about tht auction is released, bidders have a new ability to use their bids to
signal their competitors. The work below shows that optimal signaling strategies depend
(both in magnitude and direction relative to environments without resale opportunities)
on thespecifics of the environment and that the effects on an emissions market are
indeterminate.

Goeree (2003) develops a theoretical model of a private value environment where
an auction is followed by an abstracted aftermarket. He considers two cabeth, b
single unit is auctioned. In his first case, the bidders compete for the single itemsand it
assumedhat the winner benefits more in thbstractedecondary market when her
competitorso estimate of her private val
environment without an aftermarket, but revenue equivalence holds over first price,
second price, and English auctions. In his seconttesy, he assumes bidders wish to
understate their private value for the secondary market. Here, bids in the two sealed bid

institutions are lower than those in an auction where there is no need to signal, and the
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optimal bid function may not be monotorilgancreasing on private value, which may
open the door to an inefficient allocation. English auction bidding is unaffected because
the bidder with the highest private value still needs to beat the bidder with the second
highest value.

Haile (2003) in his theoretical investigatiom|so considers the case of a single
item being auctioned, but he makes the secondary market explicit by using two auctions
conducted in sequence. Bidders have independent, identically distributed use values for
the item beingold, but receive only an affiliated signal of their private value before the
first auction. Once the first sale is complete, bidders receive their own use values as well
as the information afforded by the information revelation treatment. All biddeydose
in the first auction participate in the second. He offers two forms of secondary market:
(1) atakeit-or-leavei t of fer to the bidder of the rese
auction. The two options represent extremes. In the first, threewot the first auction
(the reseller) has a dominant negotiating position. In the second, the remaining bidders
are better positioned.

In the full information revelation case, all private values are revealed to everyone
after the first auction. Regasdls of whether the first auction is first price sealed bid,
second price sealed bid, or ascending, theitaeleaveit secondary market induces an
equilibrium bid function for the first auction that is higher than would be expected were
there no secoradty market. This is because of the value in the option to resell. The
winner in the first market will resell the item at the highiesbt necessarily his owin

private value. When the secondary market is an English auction, the bid function for the
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first auction is below that of a staatbne auction when the number of bidders is small
(though the definition of small is undetermined) and above that of a-alame auction
when the number of bidders set is large (again with large being undetermined). Th
value of the resale opportunity increases with the number of bidders because the expected
value of the second highest value increases.

In the second information revelation case, the bidders receive their own private
values after the first auction and thther bids not the private valueisfrom the first
auction. Revenue equivalence holds for the sealed bid variants if a separating
equilibrium exists (he does not produce a sufficiency condition to show that such an
equilibrium must exist), but not tenglish auction. When a separating equilibrium does
exist for the sealed bid designs, however, the relative strengths of the incentives to
underbid and overbid are not developed, so the overall effect remains ambiguous. For the
case of the English auctias the first design, a separating equilibrium cannot exist for
the takeit-or-leave it aftermarket, and the result is bid pooling under use value. For the
English auction aftermarket, the sum of the countervailing effects is ambiguous, and a
general regnue ranking for the first auction remains an open question.

Lange et al. (2011) consider part of Ha
investigating environments where the first auction is-firste sealedbid. The
aftermarket is conducted autoneatly by formula, thus avoiding any confounding
effects of the second auction (the tatker-leaveit offer or the English auction). As
predicted, when the reseller has the dominant negotiating position in the aftermarket, bids

in the first auction arligher than those when there is no resale or when the aftermarket
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is an English auction. When comparing the aftermarket in the form of an English auction
to the case of no aftermarket, they nibgt bids from high signal bidders are higher than
baselineandthatbids from low signal bidders are lower. This is consistent with theory,
and they note that this finding is a 6édem
recognize and consider differences in the options values conveyed by resale over th
signal space. 0 A f-sigmabblddes Are morevikely to wimthei s t h a
first auction when there is an aftermarket than when there is not. That is, the aftermarket
induces speculative bidding.

Along the lines of speculative biddinGarrat and Tager (2006) explicitly
introduce a speculator in their theoretical study. The speculator is a bidder who has no
private use value for the item auctioned; he can only profit by winning the auction and
subsequently reselling to a competitorhwiositive value for the item. The other bidders
have independent, identically distributed values. They show that in equilibrium in both
first price and Dutch auctions, the speculator actively bids, but expected profit is zero.
With second price and Ehgh auctions, on the other hand, when the clearing price is
announced at the auctionds conclusion, equ
participants as they become indifferent to winning in the auction or purchasing from the
speculator afterward asrig as their real use values remain uncertain for the speculator.
This means that speculators can, with positive probability, profit. In considering initial
seller revenue, however, they show that the direction of change can be determined only
with knowledge of the realized values, not simply the distributions from which they are

drawn.
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Taken together, the literature suggests that the secondary market can strongly
influence bid behaviors in a primary auction market, but the effects in an emissions
marketwill be indeterminate. In the models discussed here, countervailing pressures to
increase and decrease bids relative to those for an auction without resale exist
simultaneously and to ambiguous effect. Evolving endowments in the natural emissions
market nuddy the identification of sellers, speculators, and buyers, and the dynamics of a
double auction continuously alter negotiating positions to further distance the natural

market from the static models presented here.

3.2.1.4 Multiple unit auctions with homogeneougoods
Thus far, we have considered only environments in which one item is\&@&d.

now consider auctions of multiple homogeneous goods with buyers valuing more than
one unit.

To begin this discussion, we introduce the idea the idea of efficiencymizlfy,
an efficient institution is one that yields an allocation where the participants that most
value the items exchanged end up with those items. In the design of government auctions,
efficiency is a primary concern.

An auction that awards the items &ale to the highest bid is termedtandard
auction An auction that awards the items for sale to the higresesi not necessarily
bids- is efficient. We confine our discussion to standard auctions and since such
auctions receive only bids (notluas), an efficient standard auction is one in which a
bidderdés dominant strategy i s monotonical/l
bidders with demand for more than one unit, this means that an efficient auction is one

for which the dominant stragg for a particular entry in a bid vector depends only on its
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associated valwue, not its relative positio

demand vector.

3.2.1.4.1 Single events
We consider three multinit designs with this section: the sealed uniform

price, sealedbid discriminatory price, and the dynamic ascending uniform price
(English). The first two are in active use in existing emissions markets. The third is part
of the intuition behind this investigation in the first place.

Perhapsurprisingly, all three designs are inefficient. For none does there exist a
general dominant bidding strategy dependent solely on value. Vickrey pointed this out in
his original paper (1961) and proposed an efficient raulii design for which the
optimal bid strategy is honest revelation of values. The mechanism, however, is largely
impractical in natural environments (Ausubel and Milgrom, 2006b). We discuss this
below with combinatorial auctions, and bypass consideration for now.

The discriminatoryprice auction is the natural extension of the first price single
unit auction. A bidder submits a narcreasing demand curvea vector of bids ordered
highest to lowest. The collection of submitted bid vectors is merged and again ordered
highest to lovest, and the highestbids are filled whera is the number of items sold in
the auction. The bidders then pay the sum of their winning bids. Unlike the single unit
first price auction, however, there is no closed form, general dominant bidding strategy
The characteristics of equilibrium bids can be broadly described (Krishna, 2002), and
solution can be found for specific classes of environmeh&ethedominant strategy is

shown to depend on tmeimber of bidders, the number of units each demahes, t

24



number of units sold, and the form of demand curves (Engelbvéigjglans and Hahn,
1998a; Chakraborty 2006).

The uniform price auction differs from the discriminatory price in that the price
paid for each winning bid is the price of highest losing Aile uniform price auction is
thus an extension of the second price single unit auction. A losing bid sets the price the
winners pay, and indeed, when a bidder demands only one unit, her dominant strategy is
to bid her actual value. It is this paralleat drove the intuition driving the chanige
Treasury bill auctions from discriminatory price to uniform price (Kagel, 2002), but it is
incomplete. Once bidders demand more than one unit, the parallel does not extend to
additional units. Only the firstnit is honestly reported; all others are shaded downward.
And as a historical aside, after six years
remained ambiguous (FedeR#serve Bank of New York, 2013) as to the relative
revenue effects of the twdesigns.

The ascending English auction maintains its weak equivalence with the uniform
price auction in the muHinit demand case, and when values are purely private, bids
should be equivalent in both the uniform price sealed bid and the ascendimgdesig

Now, given the inefficiencies and the lack of general equilibrium strategies for the
three designs, is there an efficiency ranking? For that matter, is there a revenue ranking?
Ausubel and Cramton (2002) show that neither ranking is available fgettezal case.

The rankings, like the strategies themselves, depend again on the specifics of the

particular environment.
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With the theoretical ambiguity, the experimental literature is relatively thin, but
does show consistent threads as well as temeetitat mirror the single unit
experiments.

List and LuckingReiley (2000) report a field experiment with baseball trading
cards and a sealed bid uniform price auction. They present two bidders (professional
card traders) with the chance to buy twoiegual ent sports trading c:
bidders, each with two unit demand, and two units for sale. They report the expected
demand reduction with bids for the second uiitise bidders recognized the need to
reduce price on potentially price setting$ They also report regular bidding above
value for the first entry in the biddersbo
is to bid actual value. This is consistent with the results of the single unit literature
showing consistent ovdridding in second price auctions.

Kagel and Levin report a similar environment. They also use two bidders, each
with two unit demand, competing for two units. It is a laboratory experiment, however,
and demand is induced with each subject having the samaipealue for both units
(though the value is different for the two subjects). The optimal strategy is for each
subject to bid his value on the first item and 0 on the second. They find demand
reduction, but bids are above optimality in both cases, tvélsealed bid variant yielding
higher bids than the ascending design. They also run treatments on information
availability, and show that with more information available, bids are lower, with the
ascending design where dropouts are reported yieldingwlest bids. This also is

consistent with the single unit literature which shows subjects converging to optimal
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strategy most quickly with the English design. It is also consistent with the common
value literature that shows that with increased inforomatbidders are less likely to
overbid.

Porter and Vragov (2006) use the same environment and find results consistent
with the two other investigations. In the sealed bid case, bids are above value on the first
item and below for the second. In tecending design, bids are lower than those of the
sealed bid design and actually near the cl
approximation of the optimal strategy. Again, this is consistent with the single unit

experimental literature.

3.2.1.4.2 Sequential aictions
Sequential auctions, as the name suggests, are a collection of auctions hosted one

after the other to sell off multiple items. The literature usually assumes a short duration

between the rounds so that valuations (though not signals of thosgoreduf

uncertainty exists) remain unchanged and so that the time value of money can be ignored.
Krishna (2002) discusses sequential private value auctions in which bidders have

identically distributed independent private values. He considers botjuense of

single unit first price auctions and single unit second price auctions. In both cases, the

equilibrium bidding strategy is independent of the information reported at the end of the

auction, and the expected price of the next auction is simglgribe of the previous.

There is no opportunity for arbitrage between rounds, but this again is dependent on the

assumption of independent values.
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When bidder valuations are not entirely private and indepeiidéat is, values
are either affiliated ocommoni opportunities for arbitrage do emerge, and optimal
strategies incorporate an element of signaling.

OrtegaReichert (1968) considered an affiliated private value model where two
bidders compete in a pair of single unit, first price auction. Biolthelos have value for
both offered units, and the optimal bidding strategies include a deception element as each
bidder attempts to have her rival undervalue the second item. The bid functions are
strictly increasing on private value, so they are invieriilihus negating the deception
T but the equilibrium bidding strategy recognizes the need to underbid relative to an
independent auction, and the bid is still below that of a single unit first price auction.

Hausch (1986) draws on OrteBa&ichert in conislering the revenue implications
of a pair of simultaneous first price auctions and a sequential pair. Two items of
equivalent, but unknown value are sold. Two bidders each demand two units and have
private signals for each. He shows that when a bidaer high signal for the first,
depending on the distribution of signals and values, his strategy is to either always
underbid (relative to a single sale) or to do so with some probability. There is no general
rule. When the optimal strategy is to alwaynderbidding, total revenue for the
sequential auctions is less than that of the simultaneous versions. When the strategy is
mixed, total revenue can be higher.

Mezzetti, et al. (2008) follow the same vein in their exploration of a case of multi
unit seuential uniform price auctions in which bidders have affiliated values, but

demand only one unit each. In doing so, they prove a conjecture of Milgrom and Weber
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(1982). The single unit demand means that there is no need for deception, but
regardless, adlibrium bids in the first auction are low relative to bids in the second
(even though high signal holders win their items in the first auction). If the clearing price
is not reported, the second auction devolves into a standard, single shot uniferm pric
auction for the remaining bidders, and the sequential auctions deliver less seller revenue
t han would have a single auction. I f cl ea
effecto raises the bids in bodgstilbaedowthtse ons (
of the second), possibly (but not necessarily) to the point of offsetting the existing
underbidding tendency to increase overall revenue above that of the single shot auction.
The size of the information effect is determined by thelemof bidders, the signal
distribution, the number of items sold in each round, and the payoff funcBatause
of the changing magnitude of the information effeatyttho not propose a general rule as
to the revenugaising characteristics of this mel.

In summary, the literature of sequential auctions offers lessons similar as to that
for single unit auctions with resale opportunity. First, such markets are highly complex.
Theory is limited to markets of small numbers of units and bidders, negjtivat its
lessons be extrapolated to large, natural counterparts. Sétseduential auctions
optimal strategies may yield bids over or
deviation dependent on tlpecifics of the whole market, naist the institution itself,

and so the effeaf one specific aspect of the auction desgyambiguous.

3.2.1.5 Multiple unit auctions- Combinatorial auctions
Now we finally arrive at the original impetus for this work: the combinatorial

auction. Though my first experimeaid not considethis desigrandthenmakes the
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theoryirrelevant tothe results of this dissertatioa brief discussion is included for
completeness.

Rassenti, Smith, and Bulfin (1982) introduced the notion of the combinatorial
auction with a market for runway sldtsan applicatiorwhere slots can be both
complements (ups paired with downs or some number of slots are required before an
ari neés presence can be profitable) and sub
equivalently with a 1pm slot)The combinatorial approach allows bidders to bid on
items they individually consider a whole and, therefore, eliminate the risk of acquiring
(and paying for) an incomplete part of a whdlaey propose a sealed bid design with a
pricing rule that yields uniform payments for homogeneous items. In doing so, they note
two primary concerns commaa the design of any combinatorial mechanism: thanes
determinatiorproblem and payment determinatiothe pricewinning bidders pay

In our discussions above of standard auctions of homogeneous goods, the winner
determination problem is simple. The highest bid(s) win the offered item(s), and the
bidder(s) pays according to the payment rules, all of which are easily computed. In the
combinatorial case, the AND, OR, and XOR package bids mean that the winner
determination problem is an integer optimization. The auctioneer does not just select the
highest bids. Rather, he selects the bids that maximize the sum of package bids subject to
supply constraints. The solution to this optimization (and in some cases in conjunction
with an additional integer optimization) then informs payment determinagitimea
scarcity of the offered items cannot be apparent from the bids alone since they are

expressed as packages across the items.
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Recalling the discussion of homogeneous muiit auctions, we glossed over as
impractical the multunit Vickrey auction athe direct extension of the incentive
compatible single unit second price auctidie reintroduce the notion here with the
Vickrey-Clarke-Groves (VCG) auction (so named the latter two offered
generalizations of Vi ckrdesygd)¥ickey, 1961; n a | I nce
Clarke, 1971; Groves, 1973Yhe design evolved with auctions of homogeneous goods
in mind, but can be employed with combinatorial bids. In the VCG, as with the second
price auction, a bidder cannot affect the price he pays $owinining bid (assumingo
shill bidding or collusive bidding), and the optimal bidding strategy is to bid his true
value for the packages (assuming no budget constraints). When he wins, th@ bidder
payment is reduced based on the amount that his bidiskedge to the overall revenue of
the auctiori often called the Vickrey discounthat is, for each winning bidder, the
winner determination problem is calculated again without his bids. The sum of bids that
are not his in the original winner deterntioa problem is then subtracted from the result
of the secondary optimization (the one without the particular winning bidder). This
pricing formula can generate not monotonic payments on bid values and importantly, it
can result in winners paying lessthiae bids of the losing bidders. It is this difficulty
that makes the VCG mechanism largely impractical (Ausubel and Milgrom, 2006).
Day and Raghavan (2007) propose a partial solution to this difficulty, but to
discuss the papeme introduce the conceptf a gameds cor e. I nforr
set of feasible allocations that cannot be

participants. For an auction game, both the bidders and the single seller constitute the set
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of participants, and thigness of an allocation (and the ability to improve upon an
allocation) is specified by the bids. In the conteixthe VCG discussion above, the
practically unsuitable result of a winner paying less than the reported bid of a loser lies
outside the corél'he Day and Raghavan approach is to find the winning bids with the
standard winner determination problem. They then use constraint generation to move
from aVCG non-core payment result to one that lies in the core. Since many payment
results can lie ithe core, the algorithm can deliver different results depending on the
starting payment rujeand in light of that fact, thesuggest finding the payment that
minimizes the geometric distance from the VCG payment to a payment in the core.

As an aside, whrewe originally glossed over the Vickrey auction for the rulti
unit homogeneous auction, it was because of the possibility eeor@nsolutions. If we
were to apply the Day and Raghavan approach to the homogeneousmualésign, the
allocation wouldemain the saméut thepayments would lie somewhengthin core
which in terms of revenue is bounded below by the uniform price payandbbunded
above by theliscriminatory pricegpayment.

Now we turn to dynamic designs. This was the originally oiéeindirection of
research. Experimental results indicated shorter learning periods with the ascending
designs, and as we will see later, the sealed bid auctions that started the two primary US
emission markets may not have been particularly instructiveadoket price discovery.
Combined with the biddersd burden of const

in a sealed bid auction, my original intuition pointed in this direction.
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Porter,et al (2003) set a price for all commodities in the auttidf multiple
units of a single commodity are offered, t
round, bidders submit package bids for the quantity of goods demanded at the clock
price. | f aggregate demand rcleckpgicessat er t han
increased for the next round. A next round is conducted if excess demand exists for at
least one commodity. The auction terminates when demand equals supply for all goods.

This stopping rule is not exhaustiveibdoes not address theseain which
demand equals supply for only a strict subset of the commodities and supply strictly
exceeds demand on the complement set of commodities. In this case, an integer program
is called to maximize seller revenue over all submitted bids (notjose tof the current
round) . I f the I P6s solution does not alt
demand equals supply, the auction terminates. If, on the other hand, the solution does
change the allocation of commodities for which demand equpisysuhe prices of the
changed commodities are increased, and for the commodities where demand was strictly
less than supply, the clock price is set to that of the allocation determined by the integer
program. The next round then proceeds. From a pahgierspective, we emphasize
that this mechanism allows prices to both increase and decrease during the auction.
Conversations with one of the authors indicate that this can cause unhappiness since the
downward price movement during a single auction eigenonstandard and somewhat
counterintuitive.

Ausubel and Cramton (2004) present a theoretical clock that, given a set of

assumptions of bidder value endowments (namely that the items for sale are substitutes,
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but not compliments), achieves full eféicy with a continuous price clock whose
change is defined by a differential equation on price and excess demand. They make the
design practical with discrete clock ticks and activity rules.

They maintain that clock ticks can be large without sacrifieiffigiency if intra
round bidding is allowed. At the tick price, bidders may simply submit a quantity
demanded. If, however, a new tick price is too high for a particular bidder, the intra
round bidding allows the submission of one or more pairs of @nd quantity. The
prices must be larger than the previous tick, but smaller than the current tick. The
guantities must simply satisfy activity rules.

The activity rules are inclu¢hd t o el i m
gr asso bi d&dddvantage byowithhadedstrue demand information in early
rounds. An activity rule on a single commodity requires that as price increases, a bidder
cannot demand larger quantities. When auctioning goods that are substitutes, the
auctioneer has the aityl to group commodities so that bids are monotonic on the group,
rather than just the single commodities separately.

As with the Porteret al.design, bids can be packages, price ticks can be up
(when demand exceeds suppy)down(when supply exceeds demandpd the auction
terminates when demand equals supply.

Ausubel.et al.(2006) augment their clock design by combining it with a proxy
auction (Ausubel and Milgrom, 2006a). The clock proceeds similarly to the 2004 design.
Large price ticks are used to speed the process, but price increments are always upwards

since the clockbdés purpose here is to enabl
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Efficiency is the purpose of the subsequent proxy phase. Once the clock istepmp
bidders each submit values to a proxy agent which then participates in an ascending
auction without human intervention. The bidders seed the agents with information from
the price discovery phase, but the lack of subsequent human interventiemdgdto
reduce the possibility of price reducing coordinated, strategic bidding.

The authors also offer an improved activity rule based on revealed preference
over the multiple commodities, rather than demand monotonicity over an auctioneer
defined groupf substitute commodities. The rule is intended to improve bidder
flexibility while still repelling snakes.

The purpose of the combined design is to gain the price discovery enabled by the
clock as well as the efficiency and collusion resistance affdsgléde proxy phase. The
authors maintain that the clock alone is unlikely to yield full efficiency, and they
understand that fully populating a proxy agent is a resource consuming activity. The
combination with the clock however, allows a firm to fodus ¢ost and profit analysis

necessary for the proxy auction.

3.2.2 Double auctions
The continuous double auction and its price formation properties has been the

focus of much laboratory investigation. This literature contains two threads of interest
here: (1) repeated, separate markets and (2) multiple round durable goods markets. Int
first case, endowments (but not subject earnings, of course) are reset at the start of each

trading period. The ending condition of one period does not affect the endowments at the
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start of the next. In the durable goods case, the tradable tokeaslpégend at the end
of the period and remain in the subjects?o

Friedman (2010) summarizes laboratory markets in which goods are not durable.
Most relevant here is the fact that in a stationary, repeated emerd, even if the
number of buyers and sellers is few, subjects quickly converge upon the equilibrium price
defined by the induced values. This is, of couttse ideal case in the emissions markets.
Market price is supposed to represent an equilibsdmeh is supposed to represent the
price of abating the last unit of pollution to meet the cap.

Allowance banking between compliance periods in the natural emissions markets,
however, complicate matters. Because the allowances have value over muliole, per
the literature on durable goods becomes relevant. Smith, et al. (f®8R)e the
seminal results hereThey report the ease with which laboratory subjects establish price
bubbles for durable assets when a common, random (drawn from a knowutcstji
dividendis paid to the holder of each tradable token at the end of each tradinglaoycle.
these bubble instancdsading prices increase to a point well above the expected value of
future dividend paymergnd then collapse before the market dréwva closeThey
camot say why bubbles are so easy to establish in such environments, but note the
tendency to form bubbles decreases with subject experience.

This effect is pervasive in the literature, and it parallels the results for common
value aiction. Bubbles form in the double auction on durable goods with traders paying
prices higher than the underlying values rationally support, just as in the common value

auctions, overpayment (the Winneros fCur se)
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the trading market is the common value of the auction. Additionally, in both institutions,
experience reduces the tendency to high prices.
Van Boening et al. (1993) effectively replicate the original Smith et al. finding.
Dufwenberg, et al (2005) ekgre the mix of experienced amtexperienced traders and
find that with under 1/3 of a market being inexperienced, bubbles can be abated. Haruvy
et al. (2007) find a positive correlation
future price. Irall cases, inexperienced bidders, regardless of treatment, have strong
tendency to trade at prices well above the expected values of the durable tokens.
Hussam et al. (2008) show results that are particularly relevant to findings in my
first experiment ath treatment variable in my second. They attempt to recreate bubbles
with experienced traders, and are successful in doing so. They train subjects with two
sessions of fifteen trading cycles with an equivalent environment (defined by starting
capital, nunber of tokens in the market, the distribution on token dividends). In a third
session, they introduce a treatment where the variance on the dividend is higher and there
exists more liquidity (higher initial cash endowments and a lower number of tradable
tokens). Subjects participating in a baseline session with the environment detisétbn
in the first two sessions demonstrated their experience and produced lower market prices.
Those with the altered parameters returned to inexperienced form andequduigher
market prices. This again parallels auction work, specifithéyeBay sellers iGarratt
et al. (2004Wwho consistently underbid in second price auctionsordler tooperateasan
experiencegbarticipant in a market, a participant needsesgigmce in such a markenot

something that is just similar.
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Of note to my work is an early investigation of an early form of the sulfur dioxide
market (discussed below), (Franciosi, et al., 1999), in which one treatment considers
durable goods (akin toankable allowancésalso discussed below). In these markets,
they explicitly model both the primary market auctiorthe government salésand
secondary market trading.h&y show strong correlation between aucand secondary
market prices (asiite pol i cy maker 6 some(butrtconclusiee) , and
tendency towards bubble formatiolm a later emissions market study (in fact, the one
that delivered the design for the Regional Greenhouse Gas Initiative, which is discussed
below), the seondary market in between primary market auctions is modeled as a single
two-sided uniform price auction (Holt, 2007), thus implying an equivalence between the
two-side uniform price call auction and the continuous double auction. The authors make

no menion of prices departing from underlying ugalue supply and demand.

3.3 Market -based pollution regulation

3.3.1 Oirigins of market -based environmental regulation
The evolution from early pollution regulation to this work, which began as the

creation of a US greenbee gas capndtrade market was seemingly imminent, has been
a long one. Tietenberg (2006) provides an excellent overview. Here, a brief background
is provided as are discussions of previous market based schemes that are relevant to the
design of an auion for the greenhouse gas market.

Market based regulation schemes convert the externality of pollution consequence
into a production consideration by assigning a price to pollution. Pigou (1920) proposed

the idea of a tax to internalize market exterredit In the context of pollution regulation,
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if the regulator could define a per unit tax equivalent to the marginal cost of abating the
last acceptable unit of pollution, then the market would find the least expensive means of
satisfying the environmeritabjectives. The problem, of course, is finding the marginal
price.

Coase (1960) acknowledged the difficulty of finding the appropriate price and
proposed defining pollution management in terms of property rights. Crocker (1966) and
Dales (1968) mated the idea with application to air and water, respectively, and
introduced the idea of a market of tradable property rights. Baumol and Oates (1971) and
Montgomery (1972) then provided the theoretical basis for such markets.

Baumol and Oates set up thblem as a series of constrained optimizations
one for the broader economy from the perspective of the regulator and many for the
independentcosni ni mi zi ng mar ket participants. Th
optimal response to a per unit priae ollution output yields optimality conditions for
the economywide problem.

Montgomery further expands the work. He includes the complication of
geography (emissions at locatiwaffecting pollution levels at locatiorysandz) and also
sets up thenpblem as a master econoiwjde problem and a series of individual cost
minimizations for the participants. Unlike the Baumol and Oates solution which only
considers an exogenously imposed tax, he explicitly establishes a market of tradable
rights. In dang so, he defines market equilibrium for eashimizing firms and shows
both that the market equilibrium point satisfies necessary and sufficient conditions for

minimizing the economyvide problem and that the market price is the cost of removing
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the nex pollution unit from the economy. Further, he discusses the difference between
licenses to emit a quantity, rather than a rate. Both are possible, but he intuits the
difficulty of trading rates in the face of geographic quantity limitations since the
differences in diffusion for sources will not allow eftg-one trading.

Milliman and Prince (1989) and (1992) follow laterd consider the evolution of
pollution control technology. They show that when the regulated community is forced to
pay for the righto pollute (either through a direct tax or an auctioned allowance right)
rather than a granted right (a freely awarded allowance right or simple command and
control rate limits), technological innovation is faster, and over time, improves the

environmenal effect of the regulatory regime.

3.3.2 Relevant cap-and-trade markets
The existing cap and trade markets, of course, inform this research and informed

the design proposed in the 2009 greenhouse gaanitpade bill (HR 2454 in the 111
Congress). Three markétshe US sulfur dioxide (S£) market, the Regional

Greenhouse Gas Initiative (RGGI) market,

a

Systemi loom largest, but threeothéeatr€E PAG6s ni tr ogeaketp xi des ( NO

Cali forbABRBMsmREKet andinformkhe eriginalhypsthedge® M'S

present each market here, reporting on structure and noting criticisms.

3.3.2.1 Acid Rain- SQ
Title IV of the 1990 Clean Air Act Amendments (CAAA) established the first

modern cagandtrade maket as the means of addressing acid rain. This market was also
the first to use auctions to disburse allowances to private industry. Auctions and trading

began in 1993 to aid price discovery. Compliance began in 1995.
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From 19932005, the Chicago Boa of Trade (CBOT) conducted the auction for
EPA without compensation. In 2006, CBOT chose to discontinue its participation, and

EPA itself assumed responsibility for all aspects of the auction moving forward.

3.3.2.1.1 Market timeline
The SQ market uses an annuampliance cycle. At the end of each compliance

year, the regulated entities have to turn in allowances that sum to the amount of pollution
generated during the year. An auction is held at the start of each compliance cycle.

Secondary market tradingasgoing.

3.3.2.1.2 SO auction
Most allowances in the S@narket (> 97%) are at no cost to industry. Title IV

included a base allocation rule that gives the quantity of allowances that are to be
disbursed to each regulated facility. Deviations from that basevarkincluded with

some facilities receiving free allowances than the base rule would dictate, but Ek¢rman
al. (2000) report that these deviations result more from politicaleéing than from
environmental or broader economic concerns.

The auctims were included in the market because there were concerns about
eventual allowance prices and market liquidity when the law was originally considered.
The auctions were to guarantee a means for new market entrants to purchase allowances
in the event thahcumbents refused to sell at any price. The intent was not to raise
revenue for the federal government, nor was the auction intended to improve market

efficiency.
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3.3.2.1.2.1SQ auction z Mechanism
For the annual auction, EPAowat hhol ds 2

proportional basis from the entities guaranteed allowances in the original legislation. All
revenue generated from the auction is returned proportionally to the original holders as
are any allowances not purchased.

The annual auction event is actyadl simultaneous pair of twgided, sealed bid,
discriminatoryprice, revenuen e ut r al aucti ons. The 6Spot A
can be used i mmedi atel y. The parallel o0Ad
be used for compliance untitgen years have passed since the auction is conducted. A
week before the auction is conducted, bidders submit a downward sloping demand curve.
Sellers may also offer an upward sloping supply curve, but in practice, this does not
happen, and the auctios éffectively onesided with the government as the sole seller.

To conduct the match, bids are ordered from highest to lowest. Asks are ordered
from | owest to highest with the EPAOGs with
any sel |l er étwochrdes ard tiee matched Sueh that the highest remaining
bid is matched with the lowest remaining ask. In all auctions since inception of the
market, the clearing trade is simply the last bid satisfied before supply is exhausted. If
multiple bids ae submitted at the clearing price, then EPA breaks ties with a lottery.

The auction is discriminatory price for both bids and asks. When demand and
supply are matched, the bidder pays her full bid price for each individual share she wins.

If the share shiwins is an EPA withheld share, the revenue is simply disbursed
proportionally to the incumbent entities. If, on the other hand, the share she wins is one

offered by a different seller, then she pays the full price of her bid directly to that seller.
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After the auction is executed, the EPA releases all bid information to the public.
Bid owners, quantities, and prices are all revealed. Seller information is not made public.
This bid reporting is the basis of the first bit of the proposed research @isdussed

later.

3.3.2.1.2.2SQ auction z Analysis
In 1996, after three years of auctions and one year of compliance, the General

Accounting Office, noting thahe U.S.Treasury had switched from a discriminatory

price design to a uniform price version for its sé@s auctions, recommended that EPA
also change to a uniform price design. The recommendation spurred an official request
for comment. Sixteen responses were received (ER& 29, 1996). Seven of eight
responding utilities subject to the regulationl @t three responding brokers argued for
retaining the original design, primarily on the grounds of maintaining market stability.
The Chicago Board of Trade, having conducted the first three auctions for EPA,
recommended a switch to a tg@ed uniform pce design, arguing likely improvements

to price discovery, revenue, and efficiency.

The literature also featured arguments against the design. Cason (1993) shows
analytically that the seller mechanism introduces inaccurate price signals and
inefficiency. Cason and Plott (1996) experimentally show a uniform price variant to
improve price discovery and market efficiency. Brookshire and Burness (2001) show
analytically that the revenugeutral mechanism also generally sends incorrect price
signals to thesecondary market.

The auction was intended to ensure liquidity in the market and to provide price

discovery for the secondary market, and by August 1996 when responses were submitted,
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EPA could claim success with the design. There had been a signiédantion in S@
emissions from the regulated sources, and the market had proved politically viable. The
bids submitted to the auctions and the resulting clearing prices had already begun
converging to the prices on the secondary market (though thagrgemee may have
been more a function of auction prices coming to reflect the secondary market, rather
than the reverse (Joskow, et al., 1998), and no complaints of market liquidity had
surfaced.
Given the perceived success of the marketto date andlgven dust r yods ave

change, EPA made no change to the design, and it remains at the time of this writing.

3.3.2.2 Regional Greenhouse Gas Initiative
The Regional Greenhouse Gas Initiative (RGGI) was formed by ten [deténe

and Mid-Atlantic Sates in the ad®ence of federal action to limit greenhouse emissions.

In 2006, RGGI first published its model rule to serve as the template for legislation in the
participant states. Auctions began in September 2008, and the first compliance period
began in January 200 New Jersey withdrew from the scheme in 20t the nine

other States remain.

Asin the SQ market, RGGI allowances do not expire.

3.3.2.2.1 Market timeline
Compliance periods attéree years. The first regulated 268311 emissions; the

second, 201:2015. Alowance auctions are conducted quarterly; the first was conducted
in September 2008. RGGI governs primarily electricity generators, so the quarterly
auctions allow firms to simultaneously consider the complementary electricity auctions.

The frequency othe auction is intended to provide liquidity to the market and to reduce
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the size of required capital reserves without creating undue administrative burden.
Secondary market trading was ongoing (primarily in the form of futures) until the market
collapsel with the regulated firms producing less pollution than the quantity allowed by

the cap.

3.3.2.2.2 RGGI auction
About 90% of RGGI allowances are auctioned into the market. This has been the

case since the mar ket 60s i ncangttade market and it

where the majority of allowances are auctioned, rather than allocated for free.

3.3.2.2.2.1RGGI auctiory Mechanism
The RGGI market design emerged from a study founded in the economics

laborabry (Holt, 2007. The auction design is a singleled, unifornprice, sealed bid
design with a minimum reserve price. Like thex®@rket, two uncoupled auctions are
conducted simultaneousl! y. One is for allo
vintage; the other is for the next compliance period.
Unlike EPA Pr the SQ market, RGGI keeps bid information. The list of
gualified bidders who declare intent to participate is released along with the clearing
price, some aggregate statistics about the bid set and the quantities awarded to each
winning bidder. RGGtoes not publish bid prices, nor does it publish explicitly
identifying information about the winning bidders. Compounding this, it is actually

illegal for a participating firm to communicate such information itself (RGGI, 2008).

3.3.2.2.2.2RGGI auctiory Analysis
When designing the markeédolt et al(2007) acknowledged the criticism of the

price discovery capability of the S@iscriminatory price auction and instead focused on
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the uniform price design. The notion that the uniform price offered a suitable
improvament on the S@design was not universally shared, however. Before the market
started, the New York and New England Independent System Operators submitted
comments suggesting an ascending auction to aid price discovery and a combinatorial
framework to enlale more efficient bidding across vintages (Cramton, 2006).
PowerAuctions, LLC did the same (Ausubel, 2007).

In practice over the following years, RGGI itself also cast doubts on the price
discovery capabilities of the uniform price design. The auc#@sarve price has only
ever been changed to keep pace with inflation. After a year of trading, the fourth auction
notice noted that, fAthe Participating Stat
reliable market data available to establishlavad cur rent mar ket price
Two years later, the uncertainty had not been resolved, and RGGI commissioned an
analysis to consider a new means of determining the reserve price (Shobe, 2010). The
reserve price was not changed.

In the end,hie performance of the RGGI auction has become assoie. The
regulated community has reduced aggregate emissions below the cap. The result is that
since September 2010, with the exception of the March 2011 auction, supply in the
auctions has exceedddmand. Allowances are sold at the reserve price, and secondary
market trading has ceased. The program has effectively become a tax with the per unit

emi ssions cost being the auctionsd reserve

332232' "' )80 EIT £ OAT AA
In the years since its inception, RGGI has effectively (though not explicitly)

become the North American model. Its mechanism and timeline served as the basis for
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the market described in the 2009 bill (HR 2454," Cbngress) proposing a federal
greenhose gas market. More recently, California has adopted the design for its
greenhouse gas emissions market. Auctions for this market started in November 2012.
California is also a member of the Western Climate Initiative, which also includes British
Columba and Quebec, and which, like RGGI, was created in the absence of federal
action on the subject of greenhouse gas emissions. BC and Quebec do not as yet have
markets established, but WCI exists to share expertise and harmonize markets across

participanturisdictions as they are established.

3.3.2.3 EUETS
The European Unionds Emissions Trading

emissions. It now regulates power stations and manufacturing plants in all 27 EU
member states as well as Croatia, Iceland, Liechtensted Norway. Each member
state is allocated some number of allowances, which the government then disburses to
industry subject to some common regulations and its own preferences.

The market has evolved over its lifespan. The first compliance periade Rh
spanned 2002007. Phase 2 spanned 2(@8.2. Phase 3 spans 26A@&0. In the first
two phases, the market was more fractured with the individual member states having not
just their own allocations and allocation plans, but also their own ¢apzhase 1,
member states were prevented from auctioning more than 5% of their national allocation,
and during Phase 2, 10%. Phase 3 brings more unity to the market. A total cap replaces
the individual caps, allocation rules are more homogeneous, agidydalf of all

allowances will be auctioned with a common method.
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3.3.2.3.1 Phase 1 and 2 Timelines and Mechanisms
The Phase 1 and 2 ETS markets did not feature the regularity of sfem&0O

RGGI markets. The member states had the discretion to disburse tiegitiais and
conduct auctions (if any) as they preferred. There was no shared calendar or even shared
method of auction.

The Danes experimented with direct sales of allowances into the secondary
market during Phase 1 by varying sales volumes over tinfetinatpurpose of
maximizing revenue (Benz, 2008). Germany experimented with direct sales at the start
of Phase 2 where its auctions accounted fo
inventory (EC 2009, EC 2010). The Germans differed from the Darnkat their
objective was not to maxi mize-frrdwerdd g/,0 briets
Thestateowned promotional bank KfW sold allowances and futures directly into the
most liquid exchanges availabl&fW traders did vary volume ovéme, but were
largely able to match the price of nearby exchange trades (BMU 2010a, 2010b).

In the second half of Phase 2, the Germans again changed their auction
mechanism. In 2010, they eliminated the volume variability and switcheeaveekly
uniform-price auctiorwhere a fixed quantity was sold each weé&ke the previous
method of marketriendly direct sales, the auctions deliéclearing prices consistent
with the surrounding secondary markéteiss, 2010). For all months unaffected by the
November 2010 all owance theft, the auctions
percent from the secondary market (DEHSt, 2011). As of summer 2012, the weekly
auctions tend to constitute less than a percent of total ETS spot market trade volume (and

less on the more liquid futures markets) (DEHSt, 2012).
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3.3.2.3.2 Phase 3 Timeline
For Phase 3, allowances are auctioned almost daily, all with a urngiece

auction. The Intercontinental Exchange (ICE) conducts sales every other Wednesday
morning to disbursthe UK allocation. The current schedule (still pending EU approval)
shows that a constant number of allowances (slightly more than 4 million per auction)

will be sold in each auction (ICE, 2013). The two August auctions are the exception
when the numbesffered will be half of normal to coincide with the normally light

August trading volume. The European Energy Exchange hosts the auctions for the
remaining countries. On Fridays, the auction is conducted to sell from the German
allocation. On Monday, Uesday, and Thursday, the auction sells allowances for the rest
of the member participants. Volume is relatively constant here, as well. The EU auctions
are scheduled to release approximately 3.5 allowances per auction. The German auctions
are scheduletb release between 4 and 5 million per week (EEX, 2013).

The combination of the ICE auctions for the UK and the EEX auctions for the
remaining ETS participants means that for every ten trading days, nine include a
government sale of allowances to the nearkExcept for every other Wednesday, there is
an auction for 3.% million ETS allowances well above daily trading volume on both
the futures and spot exchanges since the start of Pl{g&X22013; ICE 2013)

Of note in thesauctiors is the ideahat theywill be deemed to beunning
correctly as long as they delivelearing prices consistent with the secondary market.

Indeed, the intent is to employ a secret reserve price to each auction and vacate its results
if the resulting clearing price jadged to be too low relative to the secondary market

(EC, 2010)
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3.3.2.3.3 Phase 3 Analysis
The evolution to daily auctions has occurred over the entire duration of the market

itself. Analyses of auction frequency began with Phase 1. This work is generally
gualtative it is assessments, but generally consistent. Higher frequency minimizes
opportunities for strategic manipulation, minimizes the likelihood of government
revenues inconsistent with secondary market prices, offers bidders increased flexibility
with their own decision timelines, and improves market liquidity. On the downside,
higher frequency implies higher operational céstéhe regulators and participants, and if
the secondary market is wdlinctioning, it diminishes the relative benefits of there
frequent auctions (Mandell, 2005; Matthes and Neuhoff, 2007).

Neuhoff (200) extends this consideration as he presents the results of a workshop
on Phase 2 ETS auction desigrhe work group included members of the regulated
community, financial irgrmediaries, academics, and governmditte group predicts a
risk premium resulting from less frequent auctions. Looking at previous investigations
hedging behaviors, they anticipate intermediaries emerging to offer hedges against the
risk resulting fom the time gap between auctions, but increasing average cost to the
regulated emitters in the process. With the intermediaries absorbing some market
surpl us, | ower auction revenues are antici
prediction is highghted). In the end, he recommends weekly or monthly auctions.

Two years latem the consideration of Phase 3 auction design, a survey of ETS
market participants cites the same time risk aversion as the basis of a strorg, cross
industry preference fauctions that are conducted no less frequently than weekly (ICF,

2009).
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This EU industry survey is echoed in a later recommendation for the Australian
government from an experimental investigation ofaagtrade market design (Betz, et
al, 2010). Thepecifically exclude frequency from their experimental design,
summarizing Ockenfels (2009) (available only in German) by reporting that the effects of
auction frequency are so dependent on the particulars of a market that no general models
of general e#cts currently exist. They further assert that that laboratory investigation of
frequency is impossible. Instead the design choice must come rather from an

investigation of the secondary market and industry surveys.

3.3.2.4 Ground level ozone and particulatedNOx
EPA followed the S@market with another capndtrade program for nitrogen

oxides (NQ) which are responsible for ground level ozone and particulate matter. As
ground level ozone is only a seasonal concern, the cap and the allowances pertain only to
emissions between May 1 and September 30 of each year. Trading, however, is
continuous.

NOx allowance trading began in 1999 under the Ozone Transport Commission
(OTC) NOx Budget program. Before the 2003 ozone season, OTC was replaced by the
NOx SIP Callmarket that featured lower caps and included more States. In both of these
markets the States themselves were issued allowances by the federal government, and
then the States distributed the allowances as they pleased. Though Kentucky and
Virginia bothexperimented with auctions, the primary mode of disbursement has been
free allocation. The State disbursal of allowances was of interest to the proposed
research as a federal auction that allows the participation of the various States (at

irregular interals) could eliminate duplicative State functions.
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Beginning in 2009, the NBIP Call market was to be replaced by the Clean Air
Interstate Rule. CAIR was vacated (US DC Circuit, 2008) because the regulation does
not adequately address the locality eBestNOQcp ol | ut i on. xBuldetRO6s St a
reflected consideration of the fact that upwind sources affect downwind air quality, but
the legislation pointedly permitted the trading of allowances without regard for
geography (CAIR, 70 Federal RegisteR&f{196) despite the fact that EPA understood
the initial allotments will have little effect on the eventual allocation by the market
(CAIR, 70 Federal Register at 25,2380 The ruling does not threaten the legality of-cap
andtrade in general; it only itfies the CAIR legislation.

The appeals process is currently underway, but EPA is working to determine the
best means of modifying CAIR to satisfy the ruling. A possible remedy to the
|l egislationds flaw i s a mar kes.tThiifnotgeogr aph
currently a popular option inside EPA, but it does seem to be a natural fix. If indeed such
allowances are devised, the markets for them will be strongly interdependent with
allowances serving simultaneously as complements and sulsstdutes various

regulated entities.

3.3.2.5 RECLAIM
RECLAI M was established in 1994 by the

Management District (SCAQMD) to regulate £&8hd NQ in and around Los Angeles.

The market does not use auctions, but it informs this work for two reasons. First, the
market considers geography in that trading of allowances westward is restricted since any
emission over the coast will affect eastern aredecond, the market suffered severe

price shocks during the electricity deregulation and shortages of 2000. The first point is
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an example and precedent for the consideration of geographical limitations on allowance
trading. The second point highlightee needs for transparency and rapid price

discovery.

3.3.2.6 lllinois ERMS
The lllinois Environmental Protection Agency began in 2000 the Emissions

Reduction Market System (ERMS), a eapdtrade system to regulate volatile organic
compounds (VOCs) in the Claigo area (Kosobud, 2004). The market was significant to
this research as, like RECLAIM, it was a domestic-feeral market, and, unlike
RECLAIM, some of its regulated firms would not be subject to a federal greenhouse gas
market. Therefore, the mark&as thought likely to remain when a federal greenhouse
gas market was established and to demonstrate the possibility of other such markets

emerging elsewhere at a later date.
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4 BID PRIVACY IN PERIOD IC AUCTIONS

This chapter is the result of the first laboratexperiment which was intended to
illuminate the effects of the public announcement of bid information.

With the 2009 legislation still active in Congress, EPA was investigating market
design with the worikig assumption that the auctions would use a uniform price design.
This was in line with the more modern RGGI design as well as recommendations from
the economics literature at the time and the Chicago Board of Trade, who administered
the SQ auctions. 1 all cases, the reasoning was that the uniform price design would
elicit bids more representative of actual valuation and, as a result yield higher efficiency.

What was not considered in any of the r
practice in S@and its intent for the federal market was to fully report bidder identity,
guantity, and price after each auction. | hypothesized the effdusgiublic reporting
would was away the intended effect of the uniform price auctions as market participants
sought to protect private information. Indeed, | expeatpdoling of bids around
previous market price just as in the Sgdiscriminative price auctions and just as the
uniform price design was intended to deter.

We see in this chapter that the expant did not shed light on this question.
Instead, it raised questions about the value of infrequent auctions in the first place.

The remainder of this chapter is the paper eventually submitted for journal

review.
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4.1 Introduction
US federal responses thinsate change may feature a pollution allowance (cap

and trade) market as a primary means of reducing greenhouse gas emissions. The House
passed the American Clean Egeand Security Act of 2008n June 26, 2009. Senate
versions are under consideration.

We investigate the price discovery and efficiency effects of both the auction
design and its associated reporting rules in the context of the ongoing secondary market.
The proposed federal regulation draws primarily on the lyistbthe federal sulfur
dioxide (SQ) market and the Regional Greenhouse Gas Initiative (RGGI) market. We
consider aspects of each with our laboratory markets and show possible difficulties with
these market structures. To close the paper, we suggest future investigation into an
alternative market design that we hypothesize reduces practical regulatory burden and
promotes market efficiency.

Our laboratory markets include sealed bid auctions interspersed with secondary
market trading and compliance periods. In our markets, wihasaictions to disburse
at least a quarter of the allowances into the market. We observe (1) market prices reflect
an expectation of future market prices and are insensitive to banked allowance
inventories that depress the competitive equilibrium; {@ance banking increases
with uncertainty; and (3) the secondary markedt the auction is the primary
mechanism of overall market efficiency. Contrary to our original hypotheses, we also
find (4) no efficiency difference resulting from the use oh&orm price or
discriminative price auction and (5) no price or efficiency differences resulting from

differing bid reporting rules.
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4.2 Background
We begin with a short review of the literature concerning the institutions

comprising an allowance marketrtinuous double auctions and singhdler discrete

auctions.

4.2.1 Continuous double auctions
The continuous double auction and its price formation properties has been the

focus of much work. The literature contains two threads of interest here: repeated,
seprate markets and multiple round durable goods markets. In the first case,
endowment$ but not subject earningsare reset at the start of each trading period. The
ending condition of one period does not affect the endowments at the start of thiem next.
the durable goods case, the tradable tokens pay a dividend at the end of the period and
remain in the subjectsd possession to star
Friedman (2010provides a summary of laboratory markets in which goods are
not durable. Mostelevant here is the fact that in a stationary, repeated environment,
even if the number of buyers and sellers is few, subjects quickly converge upon the
equilibrium price defined byhe induced values. Gjerstad (2008}es this convergence
occurs primalty during trading, not between periods, and, in fact, the price of the first
trade in a period is more a function of the trade prices in the immediately previous period
than it is of the induced values.
Allowance banking between compliance periods makesltrable goods studies
relevant to this particulanvironment. Smith, et al. (198@j)ovide the seminal results
here They report the ease with which laboratory subjects establish price bubbles for

durable assets when a common, random (drawn fronowrkdistribution)dividendis
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paid to the holder of each tradable token at the end of each trading leythese bubble
instancestrading prices increase to a point well above the expected vailure f
dividend paymenand then collapse before tharket draws to a closé hey camot say
why bubbles are so easy to establish in such environments, but note the tendency to form
bubbles decreases with subject experience.

Our marketdiffer in that our traded assets, while infinitely bankable, have
private values and must be spent to generate new wealth in the n@nketspent, the
asset is removed from the market. Frasi, et al. (1999)se a market and assets similar
to ours. They, however, use the taided revenue neutral S@uctiondesign and they
conduct trading before the auction in each compliance period. In the markets that allow
banking between compliance periods, they show strong correlation between auction and
secondary market prices, while showing also some (but not conclusigdehtgrntowards

bubble formation.

4.2.2 Single seller discrete a uction s
Auction design within the context of a continuous secondary market also spans

the auction literature. Compliance entities participating in the market will estimate a

private value for an Edwance, but the value is likely correlated with the private values of

similar firms. The secondary market introduces a common value element as the market

price represents a lower bound on the value of allowances for the market participants.
Sinceonlygporti on of the periodds all owances ar
because multiple auctions are held each compliance period or because a large fraction of

the market is allocated for free), we must consider sequential models as well.
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Kagel O0ssirvey @dares theory and experimental results in affiliated
private value and common value single shot auction. In particular, he notes the
systematic overpayment in common value auc
is not present, greatarformation availability prior to the auction further increases bids.
I f a winnero6s curse is present, the added
of the common value, and bids are lower than otherwise.

Krishna (2002discusses sequentialyate value auctions in his survey. With
bidders who have a private value for exactly one unit each, the equilibrium bids for a
series of one unit sales do not depend on the information revealed from previou
auctions. Orteg®eichert (1968)Hausch(1986), and Mezzetti, et a(2008)show that
under affiliated value models with either muitiit demand or mukunit sale,
equilibrium strategies differ with the information reported from previous auctions.

The link between sequential auction models &edpllution markets is served
by models that include both an auction and then a subsequent aftermarket. Haile (2003)
notes the difference between these resale models and common or affiliated value models
that do not allow resale is the fact that the camrrice element is endogenously
determinedn the resale environmente also notes that incentives to signal in the
original auction exist in such a market, but the magnitude and even direction of the
deviation from true value depends on the detaith@fauction anthe secondary market
design as well as the informatiogporting procedures. Goeree (208Bp shows that

the structure of the secondary market helps determine the direttioesignaling in the
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auction. Further, when bidders have itheentive to understate values, a separating

equilibrium may not exist, and the auction becomes inefficient.

4.2.3 Current legislation and markets
The market described in thR 2454 ishasedorimarily ontwo markets: the US

SO market and the RGGI greenhouses gnarket. The SOnarket serves as the model

for general market structure and administratidhe quarterly uniform price auctien

mirror the RGGI designThoughthe bill specifiesan auction designt allows the use of

an alternat i eAdmuistratorgateymingséhati[it] wotlchbe more
effective, taking into accounté costs of

of coll usi on (WSrHousea2009p ul ati on, O

4.2.3.1 Acid rainz SQ
Compliance in the Sfmarket is annual with an auction at the start of the

compliance year and an-going secondary market. Allowances do not expire, and they
are defined by a vintage which specifies the first year that it can be used for compliance.
The vast majority of atlwances (~97.2%) are given for free to the regulated community;
the remaining 2.8% are auctioned. Half of the auctioned amount is sold seven years
before it can be used for compliance. The remaining half is sold at the beginning of the
compliance year iwhich it can first be used.

The SQ auction is a twesided, revenue neutral, discriminative price, sealed bid
auction. After each auction, all bid information is made public; bidders are identified by
name quantity, and price. Cason (19%3)ows anaftically that the seller mechanism
introduces inaccurate price signals arefficiency. Cason and Plott (1996)

experimentally show a uniform price variant to improve price discovery and market
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efficiency. Brookshire and Burness (20@hpw analyticallythat the revenueeutral
mechanism also generally sends incorrect price signals to the secondary market. The
Chicago Board of Trade, having conducted the first three auctions for EPA, in 1996
recommended a switch to a tsaed uniform price design, argyj likely improvements
to price discovery, revenue, and efficiefths EPA, 1996)

In practice, the S@auction functions as a orseded auction since private sellers
have preferred to exchange in the secondary market, making moot the problems with the
sdler mechanism. Additionally, within one year of trading (and prior to the first
compliance deadline), bids in the auction were a refleci@@condary market prices
(Joskow, etal. 1998) ma ki ng moot any probl ems with

characteristics.

4.2.3.2 RGGI
The Regional Greenhouse Gas Initiative (RGGI) was formed by ten Northeastern

and Mid-Atlantic States in the absence of federal action on GHG emissions. Compliance
periods are three years. The first regulates ZIIA emissions. Adwances do not
expire. All ten states have agreed to auction at least 25% of their allowances; six have
promised to auction 100%.

The allowance auctions are conducted quarterly with the first occurring in
September 2008. RGGI governs primarily eledlyigenerators, so the quarterly
auctions allow firms to simultaneously consider the complementary electricity auctions.
The frequency of the auction is intended to provide liquidity to the market and to reduce

the size of required capital reserves withoreating undue administrative burden.
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The auction design is a singdeed, uniform price, sealed bid design with a
minimum reserve price. Like the S@arket, two uncoupled auctions are conducted
simultaneously. One is for allowances of the curcentmp | i ance peri odods
other is for the next compliance period. Unlike the 8farket, bid information is kept
private in the RGGI market. The list of qualified bidders who declare intent to participate
is released along with the clearing priseme aggregate statistics about the bid set and
the quantities awarded to each winning bidder. Not disclosed are the identities of
winning bidders or bid prices.

The orginal design recommendatig¢Holt, et al., 2007¥liscussegxperiments
that guidedhe reasoning behind the RGGI desigm.some treatments they allow
banking and employ a secondary market, but, unlike our markets, the secondary market is
represented by a single uniform price call auction. They make no mention market price

reflecting expected future price, rather than underlying supply and demand.

RGGI 6s actual auction announcements do

capability of the auction, however. The minimum reserve prices have been constant from
the firstauction to theurrent one (RGGI, 2009aand the fourth auction announcement

specifically states, fAthe Participating

\Y

reliable mar ket data avail abl @GGI,R008b3t abl i s

4.3 Experim ent
Our laboratory market was intended to capture the dynamics of the presumed

greenhouse gas market. Here we describe our market structures, their deviation from

their natural counterpart, our laboratory methods, and the input data.

61



4.3.1 Experimental environm ents
The | aboratory mar ket desi gnsmakete si mpl

and RGGhutton. Cl@y are framed, however, as production environmbust
unitstake the place of allowances, and instead of compliance, subjects manage
productonin which they convert input units intmtput units which represent new
wealth in the market.

Each year is modeled as a cycle of four institutions: information update, a sealed
bid auction, a secondary trading market, and production. Figure & shswgle cycle

along with the time allotted to each institution within the cycle.

Information update: ~10 sec

Auction: < 2 min

Trading: 2 min
Production: <1 min

J ¥
[ | -

H Cycle —)I

Figure 1: Institution order and timing in a single cycle

The cycle begins with theformation updatenstitution which does not require
usernt eracti on. Il nstead, all freely allocat
assigned private values for output units are changed to introduce uncertainty into the
experimental environment. These private values change at the beginning cydach
but remain constant through the cycle.

The auction follows the information update. Across all markets, the auction is a

singesi ded, sealed bid design that releases t
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market. Our treatments vary the payteres, bid information disclosure rules, and the
guantity of allowances sold in the auction each cycle.

The auction is followed by the secondary market that is modeled as a continuous
double auction. Bids and asks are posted and transactions areedx@wiunit at a time.
No bid or ask queue is maintained. Subjects can only submit offers that reduce the bid
ask spread, and once an offer has been beaten in the market, it is permanently removed
from consideration.

Production is the final institutroof each cycle. Subjects are able to convert input
units into output, the value of which is set by the values assigned at the beginning of a
cycle. Each subject is limited to producing a maximum of five output units each cycle
(though there is no limn maximum inventory). One input unit is required to produce
one output unit, and once converted into output, the input unit is removed from the
market. Production is the only institution in which wealth is actually created. To model
infinitely bankableallowances, input units do not expire; any unused inventory in a
particular cycle is carried over into the next. However, input units that are not converted

to output by the end of the market have no value to the subject.

4.3.2 Market simplifications
Our laboatory markets capture the salient features and incentives of natural

greenhouse gas markets. At the same time, as in all laboratory investigations, they are
unavoidably simplified. Our key simplifications are common to the literature in this area.
We not our specific simplifications here. (1) In a natural market, emissions and

allowance trading are concurrent. Only at compliance must the inventory of allowances
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be greater than the quantity emitted since the last compliance period; at any other time, a
polluter may have already emitted more than it has allowances in inventory. In the
laboratory market, this is not possible. The subjects first acquire input units and then use
up to the number of input units in inventory to produce output. This singpidic

eliminates consideration of compliance penalties. (2) In our markets, all trading is spot
trading and consists only of input units that can be converted to output as soon as they are
released into the market. No derivative contracts exist. I{3uljects irthe laboratory
market modepollutersi all canuse input units to generate wealtim the natural market,
noncompliance entities will participate in the market in an attempt to derive profit

through exchange. In our market, profits camaele this way, but we have no subjects

for whom it is the only way. (4) In a natural market, common information that is not
provided by the market itself will be available. No external information is relevant to our

laboratory markets.

4.3.3 Training procedures
Each subject participated in three experimental sessBassipn 1Session 2and

Session B each of which lasted two to three hours. After the first two sessions, subjects

were given a test to assess their understanding of the rules and the user interfaces.

Subjects with adequate performance on the test were invited for a subsequent session.

Session 3 markets are the primary source of data from which our conclusions are drawn.
Students earned a $5 shoy fee for all sessions. Session 2 and Session 3

markets featured performance payments; Session 1 markets did not. To ensure relatively

constant average payouts across treatments, subjects participating in markets in which all

64



input units were auctioned also received a flat fee to complete a session. This bonus was
$5 for Session 2 markets and $10 for Session 3 markets. After both Seasidn

Session 3 markets, subjects were paid in cash at a rate one hundred experimental dollars
to one real dollar. Session 2 earnings (not including alfp¥ee) averaged $26 per

subject. Session 3 earnings (not including slhipwee) averaged $38 perogect.

We attempted to have subjects participate in only one treatment for their three
sessions. This would allow them to learn the user interface and market rules concurrently
with developing market strategies. For three of the five treatments thtsugador two
treatments (Discriminativ@ublic25 and UniformPrivate25), some subjects
participated in Session 1 markets that were different from their Session 2 and Session 3
markets. In all cases, subjects were provided with the same rules imStasid

Session 3 markets.

4.3.4 Laboratory procedures
To start a session, the monitor seated subjects randomly in the laboratory and then

randomly assigned a username to each subject (Endowments had been assigned to the
username as part of the experimentalglesaind remained constant for the username

across all laboratory markets in a given Session). Once given usernames, the subjects
logged into the system, and the monitor distributed instructions. The monitor then read

the instructions aloud. To improvelsy ect s 6 compr ehension, the
after the explanation of each institution that requires user interaction (the auction, trading,
and production). The subjects played the institution, and each was given a sheet of

exercises. As subjects coleed the exercises, the monitor spoke with each individually
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at their terminals to discuss any errors and to ensure understanding. The monitor did not
collect the exercises; subjects could refer to them throughout the market and the test at
the end of th session. After all subjects had been visited, the monitor did the exercises
on the board for all to see. These explanations remained on the wall for the duration of
the experiment. After the explanation to the group, the monitor resumed reading aloud
the instructions for the next institution. The market proceeded without further

interruption after the final bit of instructions.

4.3.5 Experimental design
Three twelevel treatment variables are considered in the laboratory markets:

sealed bid design (eithenifiorm or discriminatory), bid disclosure rules (full disclosure
or aggregate information), and the fractio
(25% or 100%).

Sealed bid designThe singlesided auction at the start of the cycle is either

uniform or discriminative price. In both cases, revenue is returned to the seller, and no
private sales are permitted during the auction phase.

Bid disclosuré After each auction, either all bid information (bidder identity and
price) is reported or only theearing bid (with identity removed) is reported. The full
reporting case duplicates practices for the 8@rket and the proposed federal
greenhouse gas market.

Fraction of the allowances auctionie®f the 24 allowances released into the

market eacleycle, either all are auctioned or only 25% are auctioned.
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The three treatment variables are varied over five treatments. Three Session 2
markets and two Session 3 markets were run for each treatment. In all Session 3 markets
and all but three Sessiomiarkets, eight subjects participated. In the remaining three
Session 2 markets, only seven players participated, but in the cases where we invoke
Session 2 data, these runs are excluded.

The uniform price auction serves as the auction design for thebtllk markets.

With the uniform price design, we have a tvaplicate, 2x2 factorial design to assess the
effects of bid disclosure policy and the fraction of allowances auctioned. We include the
two markets featuring the discriminative price auctiothay are more similar to the S0
auction, and they serve as a means of comparing our laboratory market to that natural

market.

4.3.6 Input data
Subject endowments are constant across markets in a particular session. Session

2 markets last twelve cycles; SessB markets last sixteen. In both Sessions, twenty

four new input units are added to the market each cycle.

4.3.6.1 Production values
At the start of a cycle, each of the eight subjects is given a new set of five

descending marginal production values. Playsrsgmmetric in that their value sets are
drawn from the same distributions although the distributions vary between sessions and,
in the case of Session 3 markets, between cycles.

In all sessions, maximum aggregate wealth results only when input wits ar
converted to output in the same cycle in which they are first released into the market. In

other words, banking reduces the overall wealth generated in the market. We did this to
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make a more confident a priori estimate of total subject payment. théagcondary
benefit of allowing the settingofanearonst ant <cei ling on the ma
prices.

To assign the production values, we use three distributions each cycle. The first
distribution sets equilibrium price (absent banking) by settieg?3" highest value (of
the 40 created for the cycle). Since only 24 input units are released into the market each
cycle and since banking is unprofitable, thi§ 2&alue will never be exercised in a
maximally efficient market. 24 values are theawdn from a distribution whose lower
bound is strictly greater than the upper bound of tfevafie. Finally, 15 more values
are drawn from a distribution strictly below the realizet! 2&lue. These 40 values are
then distributed randomly so that eanhrket identity has 5 values per cycle.

The Session 2 production values are drawn from the same distributions for all
cycles. The 28value is drawn from a discrete uniform distributje$37e$40]. The
high 24 values are drawn from a uniform distribntfe$41e$100], and the remaining
low 15 values are drawn from a uniform distribution [e®5" value].

Session 3 markets include a values shift at the start of cycle 9 of 16 cycles. In all
cycles, the high 24 values are drawn from [e$$100]. In the first eight cycles, the %5
value is drawn from [e$4&$50], while in the second half of the market, th€ 24&lue is
drawn from [e$27%$30]. The result is a gap of over €$20 between tHadd 2%’
values in the second half of Session 3 matkdthis was intended to offer insight into
speculative bidding with the bid disclosure policies and the relative price discovery

capabilities of the two sealed bid options.
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4.3.6.2 Free allocations
For the markets in which only 25% of the input units are auetipfour of the

eight subjects are given free input units each cycle. Five free input units are assigned to
the owners of the two smallest sums of efficient production values. Four free input units
are assigned to the owners of the third and fourth sstalims of efficient production
values. These subjects receive this quantity each cycle in the information update
institution. We refer to them @ascumbentsthey model the entities that will receive free
allowances under a grandfathering scheme. e8tdbjvho do not receive free allowances
are callechew entrants We concentrate the freely allocated input units in the hands of
only four subjects to ensure each cycle still presents the opportunity for profitable trade

after the auction.

4.4 Performance mea sures
Before proceeding into a detailed discussion of findings, we define terms for

measuring market performance.
Equilibrium s the intersection of myopic supply and myopic demand. Since
subjects have no explicit information about future value distributions, equilibrium is
defined strictly in terms of current values and current inventories. Thus, as banked
inventory holdingsncrease, the equilibrium price decreases.
A single playerds demand is defined as
current inventory. As an example, Player A has three units in inventory. Since she has
five descending marginal production veduat all times and produces output in
descending order of value, her demand is the bottom two elements of her set of

production values. Similarly, player supply is the set of values that can be immediately
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satisfied from inventory holdings. Any invenyagreater than five units is represented in
the supply curve with value e$0 since subjects can produce no more than five output units
per cycle. Input units offered in the auction also are considered part of the supply curve
with value e$0.

In ourlaborabry markes, supply and demand rarely intersect at a particular
value. In these cases, equilibrium is defined as the range between the last demand and
supply value pair before curve intersection. If the curves are exhausted before they
intersect, the caidered range is between the last entry of the shorter curve and the entry
with the same index in the other curve.

Banked inventorys the sum of input unit inventories after the production phase

in a cycle. This equates to allowances retained by market participants after a compliance
deadline.

Incumbent banked inventory rai®the fraction of banked inventory held by

incumbents wer the total banked inventory at the end of a particular cycle.

Total market efficiencys the fraction of the total wealth generated in the market

over maximum possible generated wealth. Since seller revenue is also included in the
calculation of gnerated wealth, clearing prices above buyer values do not necessarily
result in efficiency loss.

Holding efficiency(efihoid) describes the wealth generating potential of the

mar ket 6s all ocation at a particulngr ti me
Given the sum of player inventori@gyrent, the maximum holding value is the sum of the

highesticurrent Values at that time. The actual holding value is the sum of values that

70



could be immediately realized if production were possible and ahtovies were
converted to output without further exchange. The holding efficiency is then the actual

holding value over the maximum holding value.

4.5 Hypothesis
We undertook this experiment with questions about the implications of the full

bid disclosure, Wwich is the policy for the SOnarket and which we have assumed will
be the policy under the presumed federal greenhouse gas market. We anticipated
consistent with resale models [7] and {8hat subjects would use information disclosure
rules to signbunderlying values. Specifically, we hypothesized that the full disclosure of
bids would encourage low bidding in the auctions as subjects sought to hide their true
valuations from the other market participants. If this hypothesis were true, we would
expect auction participants to pool bids at or below the underlying equilibrium price. The
auction would, therefore, generate market inefficiency, and it would depress market
price. Clearly, if such were the case, the government might carefully consdesdre
policy in future markets.

In the following section, we provide evidence that our hypothesis is incorrect. In
particular, we find that subjects do attempt to communicate through the auction when bid
curves are made public, but we find limited pation of an aggregate effect from bid

privacy. In addition, we present surprising findings concerning price and risk response.

4.6 Results
We now present our results in terms of five broad categories.
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4.6.1

. Price: Market prices reflect an expectation of futureketaprices and are

insensitive to banked allowance inventories that may otherwise depress price.

. Risk response: We find strong evidence that allowance banking is a response

to uncertainty.

. Primary auction versus secondary trading: The secondary niankethe

auctioni is the primary mechanism of overaiarket efficiency

. Auction design: With limited data, we find no difference in aggregate market

behavior between the discriminative price auction and the uniform price

auction.

. Privacy: The full discloste of bid information does not affect either overall

market efficiency or seller revenues. It likely does not affect auction

efficiency.

Prices
Our laboratory markets consistently yield both auction clearing prices and trade

prices that are well above cpetitive equilibrium, reflecting instead an expectation of

future market price. This separation of market price and the underlying equilibrium price

is a consequence of banking, which itself is a response to uncertainty.

Observation 1: In all treatments, auction clearing prices and trading prices

reflect an expectation of future prices and are consistently above the underlying

equilibrium range.

Figures 211 are summaries of the Session 3 markets. They make plain the fact

that market price is consistentljgher than underlying equilibrium prices. They also
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argue against the price discovery properties of an auction once a market of this sort is
established. Even in the three markets in which clearing prices and trading track
equilibrium during the firseight cycles (Figures 3, 6, and 11), the auction at the start of
the ninth cycle (when the underlying value of inefficient units falls) looks no different
from the previous auctions. And after the shift, prices in both the auctions and trading
phases faito track equilibrium prices as closely as they had before the shift. The
auction, if it provides discovery at the start of the market, does not provide that function
in the middle of an ongoing market. Subjects bid and tragxpectation of future

prices, not underlying value.

The finding is consistent with the literature. Our multiple cycles are stationary in
the sense that the value distributions are constant over the first half of the market and then
again over the second with a different distribnt The subjects do find a relatively
constant market price aemonstrated iprevious work with repeated, but separate
double auction trading periods. With the banking mechanism, however, trading prices
are above equilibrium, as is the case with presidurable goods experiments.

This result also strengthens the idea that price adjustment occurs during double
auction trading rather than between trading perioelgen if a period begins with a
multiple unit auction, which considered by itself, théioely should find the
equilibrium price. Considering again Figureg 2, at the start of cycle 9 when the gap is
introduced in the value distribution, we see that the auctesring pricen all but one

market is higher than that of the subsequenbdole aucti ondés average
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Wheneveanadjustment (however minimal) ocewith the underlying value shiftye
first see this adjustmem thedouble auction.

We also observe that the clearing prices are consistently above equilibrium prices.
This result supports the existing commalue sealedbid auction literature. That
literature argues that one is likely to see a systematic overpayment in common value
auctions either when the winnerds curse
greater access to information before the auction. Our environment satisfies both
conditions. First, banking removes the
them for later use or for resale if the immediate compliance period does not offer the
opportunity for profitable use. And second, the secondaayket trading serves to

increase information availability prior to subsequent auctions.

4.6.2 Risk response
Observation 2: Allowance banking increases in response to increases in

uncertainty about the value of inventory.

Threepiecesof evidence support hobservation, but first, we recall the
discussion oproduction values in section 316 In all three sessions, maximum
efficiency can be achieved only if no units are banked. Value distributiet®astant
over Session 1 and 2 markets. For Session 3 magkeddiies shock occurs at the start of
the ninth cycle with cycles-& using one distribution and cyclesl8 using another.

Session 2 vs. Session 3 markets

At the outsets of Session 1 and Ses 2 markets, subjects have no expectation of

value distributions, changes to the value distributions, or market prices. In these
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Sessions, the distribution of production values remains constant over all cycles, and
maximum efficiency can only be acheVif no units are banked. As such, these first two
Sessions provide no opportunity for either speculative or hedging gain, and these subjects
learn to spend more aggressively in Session 3 markets. The lesson is that as subjects
become more comfortable the environment (tbugh the first two training Sessions)
and as they begito form expectations of future market condits, they bank fewer
allowances.

We show this by comparing the banked inventories at the end of each cycle across
the Session 2 andeSsion 3 markets. In doing this, we consider only the first eight
cycles. Session 2 markets conclude after twelve cycles, so by cycle 9, subjects begin
shedding input units that have no value after the game. Session 3 markets include the
demand shock dhe start of the ninth cycle. Consideration of only the first eight cycles,
therefore, allows comparison of strategies in constant value environments before any end
of market effects can be felt.

Statistically, the null hypothesis holds that Sessibarked inventories are less
than or equal to those of Session 3. To testatapplya Wilcoxonrank sum test teach
cycle, so that we have eight (correlated) tests. The first cycle yipldalae of .0103;
all other cycles havp-values less than .00%0 even though the tests are strongly
correlated, the weakest evidence is strongly persuasive. By creating an expectation of
value stability over the whole course of Session 2 andr$tehfalf of Session 3, we
remove perceivedngeertainty, and banked inventories are smaller in Session 3.

Response to value shift
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In Session 3, banked inventories are usually grown over the first four cycles and
then trimmed through the eighth cycle as subjects liquidate inventories in response to an
expectation of market stability. At the beginning of the ninth cycle, the demand schedule
changes and uncertainty is introduced. As the market grapples with the shift, inventories
are again grown. Of course, as the market again begins to settle alubéhef the
market looms, subjects begin to liquidate inventories. (Inventory not converted to output
by the end of the market has no value.)

Statistically, we fit a linear model to compare the rate of inventory change for
periods 58 and 912. The ®ssion 3 markets yieldpmvalue of .002 for the null
hypothesis stating the two banking trends are equivalstiongly significant. The
estimated slope for cycles®bis indeed negative0.25 banked units/cycléd show a
consumption of banked invemjoas subjects become accustomed to a constant value
distribution. The estimated slope for cycle$Dis positive(0.91 banked units/cycléd

show the increased rate of banking after the value shift.

Inventory distributionincumbents vs. new entrants)

In markets where only 25% of new input units are auctioned, it is the new entrant
- not the incumbentswho are responsible for the banking. Statistically, we consider the
incumbent banked inventory fraction at the end of each cycle. A signed raftt tssth
cycle tests the null hypothesis proposing that the median value of fraction held by
i ncumbents is greater than orpvalgeussal to O.
significant at 0.039; for all subsequent cycles,gvalue is at leastdif as small. As

above, the tests are highly correlated, but even the weakest evidence for rejection is
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strong. Thus, we conclude that new entrants hold a larger fraction of the total banked
inventory.

The disparity in banking rates can be traced tdfardnce in the uncertainty
facing incumbent and new entrant subjects. Incumbents automatically receive enough
input units to cover their maximum production capacity (or just one input unit shy of
maximum capacity), so banking in consideration of them @alues is unprofitable.
Incumbents do, however, have the opportunity for speculative gain if new entrant
production values and, therefore, market prices increase. New entrants share the same
possible speculative gain if their own production values bist unlike the incumbents,
they also bear the risk of incumbent production values and, therefore, market price
increasing. Thus, under the hypothesis that uncertainty increases banking, we should see
new entrant firms banking more than incumbent firM& indeed do observe this

phenomenon.

4.6.3 Comparing auctions to trading
Observation 3: The secondary market, not the auction, is the primary

mechanism of overall market efficiency.
As expected, when only 25% of a ¢cycl eds
market improves the wealth generating potential of the market (holding efficiency) over
that achieved with just the auction. At the end of the auction, the incumbent subjects
have not yet had the opportunity to sell their less profitable input umiggling corrects

this imbalance. In Session 3, of the 96 cycles (6 markets of 16 cycles each) only one
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cycle yielded holding efficiency after the auction that was greater than holding efficiency
after trading.
Thetrend is weaker with the markets in wiiall input units are auctioned, but
still holds. In 44 of 64 cycles (4 markets of 16 cycles each), the secondary market
improves the holding efficiency resulting from the auction. Since this difference between
the two institutions is only marginally qetatedwith the difference from the previous
cycle (DurbinWatson D = 2.1, Pr < D = .67), we model the observations as independent.
Both a ttest and the signed rank test indicate that holding efficisngseatemafter
trading than after the auctigone-sided pvalues less than .0001 for both tgsts
Combined with Observation 1 in which we show the auction not to be a price
di scovery mechanism once the market is und
improvement of holding efficiency tells us thiae secondary market is the primary
mechanism of market efficiency and price determination. The auction may have effect at
the marketdés start; in time,chowevteent i wi tdl

(1998)analysis of the SPmarket.

4.6.4 Auction design
Our experimental design is focused on the uniform price design as it is the most

likely design for a future market, and so we compare the discriminative price and uniform
price auctions only in markets in which 25% of the allowances are aedtion

Observation 4: The choicebetweenuniform price and discriminative price
auction designdoes not affect aggregate market performancerhen 25% of the

allowances are auctioned.
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We compare the uniform and discriminative price auctions with theseures:
overall market efficiency, seller revenue, and auction efficiency. We detect no difference
for any of these measures. A full statistical analysis is available in the working version of
this paper (self reference omitted for peer review), hatdhservation fits squarely with
Observations 1 and 3. The auction reflects the secondary market, and the secondary
market is the primary means of market efficiency. The auction is superfluous, and thus

its specific design does affect the aggregate atark

4.6.5 Privacy
As mentioned above, we began this effort with questions as to the effects of the

policy for bid disclosure after the auctionSur findings, however, did not match our
expectationsHere we present detailed results for our single positikrighrelated to
privacy effects (Observations 5)Ve also present two negative findings (Observations 6
and 7), but limit detailed discussion to the (longer) working version of this pager (
reference omitted for peer revigw

Observation 5: The conplete disclosure of bid information after the auction
allows individual attempts at market manipulation.

The markets present no macroscopic indications of market manipulation or
collusion; however, questionnaires distributed after Session 3 marketsersboad:
attempts to use the auctions as a means of communication. For the markets in which

subjectsd auction bids were made public
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AWhen bidding in the sealed bid auct:i
werepublic information immediately afterwards? If so, how did you alter your bidding
strategy?o0

Two of the56 subjects who participated in a final session that featured full bid
disclosureexplicitly indicated in their remarks that they attempted to comnatmic
through the disclosure rules. The first one attempted to signal in the market featuring the
uniform price auction and in which all input units are auctioned. The subject notes an
effort to reduce the clearing price of the auction.

Al st ar tedravagantlydod ona @ two units (to guarantee a buy @
clearing price) but | noticed that this made other players do the same, so | toned it down
to |l ower the clearing price.o

By the fourth cycle in this market, the auction clearing price drops fromalinit
highs and remains relatively constant until the end of the market. The subject is not able
to coordinate any collusion to further suppress price, so he is likely mistaking cause for
correlation as other players learn to bid less aggressively in ¢herglbut this does
demonstrate intent.

The second and strongefr example of communication via auction disclosure is

from a market where 25% of the input units are sold with a discriminative price auction.

on

AYes, by bidding i n eringtmedyBnd sel mrices ie.. Al s

sometimes buy a unit for higher price to set a benchmark and then sell a few quick units

(and it worked!)o
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Here, rather than seeking coordination, the subject pays to announce
misinformation. If only the clearing bid @nounced, this method of manipulation
cannot be attempted. The purposeigh bids will never be conveyed to the market, and
the subject will simply reduce his earnings without a chance for gain.

Seven other subjects (of the remaining 54) returned amirsgiueeform
responses that may indicate some attempt either to hide private values by abstaining from
the auction or to manipulate the auction price (both up and down).

These are anecdotal and selported evidence, and, again, we detect no
macroscopic effects. Indeed, the multiple strategies revealed in the questionnaire
responses seek to move auction prices both up and down, so, on the aggregate, they may
tend to canel. However, these responses are evidence of attempts to manipulate the
market through the disclosure rules, and the government will have to balance the need for
perceived transparency against the fact that the reporting will induce attempts at collusion
and price manipulation.

Observation 6: Bid privacy does not affect total market efficiency or seller
revenue.

Paralleling Observations 1, 3, and 4, bid privacy affects neither total market

efficiency nor total seller revenue. The auction reflects thenskecy market. The

auctionbés details do not affect the over al
Observation 7: Bid privacy | ikely does not aff
efficiency.
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We differentiate between mar ket efficie
this obseration. While market efficiency is a measure of generated wealth, allocative
efficiency Iis a measure of the auctionb6s a
them most highly at the time of auction. A low allocative efficiency would indicate the
auction provides an arbitrage opportunity with the secondary market asloe/bidders
win units in the auction for later resale. A high allocative efficiency indicatesvailgie
bidders actually submit the high bids and win units in the auction.

With this observation, we note that privacy rules do not, on the aggregate, affect
the subjectds ability to find arbitrage op
market. Observation 5 shows clear individual attempts at arbitrage between the auctio
and secondary market, which if all attempted in the same price direction, could

conceivably affect efficient auction distribution, but we find no aggregate effect.

4.7 Conjecture, implications, and further work
The tendencyf the participants in these mechanisms to hoard allowances and

thereby keep prices higher than the equilibrium prigdéise most practically distressing
observation from the experiment. The -@agttrademarket is intended to aggregate the

private abament costs of the individual market participants to find the minimum total

cost solution of satisfying the pollution constraint. In the process, market price should
represent the regul ated commallatont 6s cost o
expeiment suggests an inability of subjects in a market featuring periodic large auctions,
continuous secondary mar ket trading, and b

Rather than reflecting true underlying values, market prices in our environesents
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be morearesponse to price expectation and uncertainty. Despite consistently high

prices, however, the relatively high holding efficiencies at the end of trading indicate that
subjects are still able to use the high prices to determine the eedadngth of their

values and reallocate accordingly. This is indicative of a relatively healthy market.
Governmentevenues are indeed higher than would be expected from underlying
equilibrium prices a finding that will be greeted with varying degsed enthusiasm
depending on oned6s relationship with the
wealth. We caveat this assessment, however, with the facts that we have considered
neither asymmetries between the market participants nor commomation provided

from sources external to the market.

Our laboratory markets, coupled with the observed results of thargilRGGI
markets, call into question the basic structure of auctions in an allowance market since a
primary objective of the auoins is price discovery. The original &uction may have
helped price discovery early in the market, but came to mirror secondary market trading
by the thirdauction. RGGI is still unsure as to what its market price should baurIn
experiment, we ®that once the market is established, the auction does not help identify
the divergence of market prices from underlying use value, but does invite attempts at
price manipulation. We also see that secondary market trading always improves the
holding effigency of a market after an auction.

We therefore conjecture that the emissions allowance market may not require
periodic auctions. Instead, the government could release a steady stream of allowances

into the secondary market. Economically, this may imgmoarket efficiency by
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offering a guarantee of at least limited liquidity from the government even in the face of
external shock. This may eliminate a degree of risk to the market participants, thus
reducing the impulse for allowance banking, and in demgsuch a sales mechanism

may deliver a market price that better represents the marginal cost of abatement. In terms
of reqgulatory burden, the steady release
conducting an auction at all, and governmewuéneies correspond exactly to current

market prices. Such a market constitutes the next phase of our research.

4.8 Conclusion
We have presented the results of laboratory markets that model pollution

allowance markets. The markets use bankable allowancesstedycles of a sealed
bid auction, a secondary market, and compliance. We observe (1) market prices reflect
an expectation of future market prices and are insensitive to banked allowance
inventories that depress the competitive equilibrium; (2) alloedanking increases
with uncertainty; an@3) thesecondary marketnot the auction is the primary
mechanism obverallmarket efficiency Contrary to our original hypotheses, we also
find (4) no efficiency difference resulting from the use of a umfgrice or
discriminative price auction and (5) no price or efficiency differences resulting from
differing bid reporting rules.

Our findings call into question the basic structure of the proposed federal
greenhouse gas market in which an active secomdarket is expected and periodic

sealed bid auctions are used to disburse some fraction of the allowances into the market.
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The auctions are not the primary driver of efficiency in such a market, and they fail to
find prices that represent underlying uséues and banked inventories.

In response, we have proposed and are currently experimenting with an
alternative market design in which the large periodic auctions are replaced with a steady
stream of allowances released directly into the secondary ma&kenhomically, we
hypothesize that the steady release of allowances will improve liquidity, thereby lowering
the mar ket participantsodé perceived risk an
turn, this could lead to both improved market efficieanyl deliver lower market prices
that more accurately represent abatement costs. Administratively and politically, the
mechanism may be superior since the cost of conducting the auction is eliminated and

since government revenues will more closely refheatket conditions.
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5 PERIODIC AUCTIONS V S. CONTINUOUS INJECTION

This chapter summarizes the second laboratory experiment. It constitutes my first
contribution to the literature: for a given number of allowances auctioned, markets that
use small, frequent government sales directly into the secondary mark tend toweve |
market prices (government sales and secondary markets) than do markets with large,
infrequent auctions.

With the experimentonducted in 2009, this work pdated by four years ETS
Phase 3 where auctions are conducted daily. ETS regulators cahtcetige daily
schedule after meetings with industry and academia. Over the course <f@(®10
intuition built around the preference for the frequent auctions. To this date, however, |
am aware of no experimental or theoretical literature on thiscufjhis section
remains unique and remains practical as a North American model has emerged in which
auctions are conducted quarterly. Since direct comparison is impossible, these laboratory
findingsremain relevant to current market design efforts

Theremainder of this chapter is the paper submitted for journal review.

5.1 Introduction
The renewed possibility of US federal action to limit greenhouse gas emissions

spurs renewed interest in eapdtrade design. Now in its third compliance phase, the
Europ@n Uni on6és Emissions Trading System (EU
cap newly tightened, allowances in the Regional Greenhouse Gas Initiative (RGGI)

market are again selling above the reserve price. Under the Western Climate Initiative
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(WCl),Califor ni ads first compliance period began

in 2014.

In these caqandtrade markets, the allocation of allowances remains a thorny
practical implementation problem. Auctions increasingly feature in these market on the
argunent that they improve market efficiency, transparency, and price discovery over
politically determined allocations. The specific implementation of the auction, however,
remains an open question

Here, we use laboratorgnarketsto considethe frequency fothe auctions in
response to the emergence of a two auction schedules. Under ETS, auctions are held
daily. In the two North American markets (and in the federal market proposed in 2009),
auctions are held quarterly.

We consider two limiting cases: thesti where a single sealid, uniformprice
auction is used once at the start of a compliance period and the second whamaahe
market auctions replacedvith a continuousyniform in quantitynon-strategic injection
of allowances directly into thsecondary markefrhroughout this paper, we refer to this
second case @&entinuous injection

We focus on the effects to government revenue, pricedton, and market
efficiency. We find no evidence of difference to market efficiency with thefi@guency
treatments. We do find that continuous injection yields lower market prices with the
result being that government revenues are lower while market participant winnings are

higher.
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5.2 Background
Two threads inform this work. First, the benchmarkireltmarkets, of course,

provide the practical context. The design of any futureacaftrade market will surely
rely heavily on the lessons learned in these markets. We discuss EU ETS, RGGI, and
W(CI structures, and then we turn to the relatively spéegature on auction frequency

in capandtrade markets.

5.2.1 Natural markets
EU ETS, RGGI, and now WCI are the benchmarkaagtrade markets. All

three markets use a sealeid, uniform price auction tdisburse allowances to market.

The choice of theniform price desigfor all three wasnformed at least in part
by US EPA sulfur dioxide (S§pmarket Therea revenueneutral discriminativeprice
two-sided sealed bid auction was used shortly after the start of each annual compliance
cycle. Useful for price discovery at the start of the market, the nearly horizontal bid
curves for the auctions once the market was underway showed that that the secondary
market trading not the auctiofi became the price discovery mechanism in that
environment (Joskowet all 1998). Part of the point in using the uniform price design
was to regain some of the price discovery power of the auctions.

Though the three markets use the same auction design, they differ in the fraction
of the market that is auctioned (rattiean freely allocated) and in the frequency of the
sales. The two North American markets feature quarterly auctions (as did the failed 2009
attempt at a federal market). Under RGGI, where the first compliance period began
January 2009, the primary marleetctions dominate the market (Burtraw, et al, 2010). A

2010 analysis (Shobe, 2010) of the reserve price for the auctions compared clearing
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prices to the futures secondary market (the spot secondary market was too thin and its
contracts irregular for diot analysis). It shows wide divergence of the auction and the
futures prices at the start of trading (the first auction was held in September 2008) with
future prices rceeding those of the intervening auctions. Over the next two years, the
two prices caverged. From 2010 to 2013, the total supply of allowance exceeded
demand, and the secondary market effectively stopped as allowances were sold in the
auctions at theeserve price. In 2013 with the tightening of the cap, price rebounded, and
auction prces have generally matched nearby trading price (RGGI, 2013; RGGI, 2012).

ETS features daily auctions in Phase 3-58% of Phase 3 allowances will be
disbursed into the market via the auctions. Market price and auction price have been
closely paired sice the start of the Phase in 2013 (DEHSt, 2014).

The daily auctions were not the original Phase 1 ETS design, but rather emerged
from deliberate purpose and experimentation. The Germans started movement te the non
strategic frequent salesiring Phase 2In the first two years (2008009) the state
owned promotional bank KfW sold allowances and futures directly into the most liquid
exchanges available with a regulatory requirement to employ a strategy of regular sales to
achi evef fiiman & le yOver theecgutsé df those two years, even though daily
government sales volume was variable, the sale prices closely matched those of nearby
exchange trades (BMU 2010a, 2010b). This is in contrast to the Danes, who in Phase 1
also sold directly into theecondary market and also varied sales volumes over time, but
did so with the purpose of maximizing revenue (Benz, 2008). For the second half of

Phase 2, Germany eliminated the volume variability and switched to a weekly uniform
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price auction where a fixequantity was sold each week. Like the previous method of
marketfriendly direct sales, the Phase 2 auctions delivered clearing prices consistent with

the surrounding secondary market (Weiss, 2010). For all months unaffected by the
November 2010 allowane t hef t, the auctionso6 clearing
from the secondary market (DEHSt, 201Though thenveekly Germanauctions

constitute less than a percent of total ETS spot market trade volume (and less on the more
liquid futures markes) (DEHSt, 2012) combined with industry opinion, the frequency

strongly influenced Phase 3 design.

5.2.2 Literature
Turning from market practice to the literature we note that the RGGI design itself

results from laboratory investigation (Burtraw, et al, 200That study investigated
multiple dimensions of market design with auction design being the primary
consideration. Frequency is considered, but qualitatively, not experimentally.

This jibes with much of the general literature on auction frequenthatrit is
also qualitative or speculative, but generally consistent. Higher frequency minimizes
opportunities for strategic manipulation, minimizes the likelihood of government
revenues inconsistent with secondary market prices, offers bidders inditeagmity
with their own decision timelines, and improves market liquidity. On the downside,
higher frequency implies higher operational costs to the regulators and participants, and if
the secondary market is wdlinctioning, it diminishes the relag benefits of the more

frequent auctions [Mandell, 2005; Matthes and Neuhoff, 2007).

100



Neuhoff (2007) extends this consideration as he presents the results of a workshop
on Phase 2 ETS auction design. The group predicts a risk premium resulting from less
frequent options. Looking at previous investigations of hedging behaviors, they
anticipate intermediaries emerging to offer hedges against the risk resulting from the time
gap between auctions, but increasing average cost to the regulated emittersaneb® p
With the intermediaries absorbing some market surplus, lower auction revenues are
anticipated (though groupodés uncertainty
he recommends weekly or monthly auctions.

Two years latem the considetion of Phase 3 auction design, a survey of ETS
market participants cites the same time risk aversion as the basis of a strorg, cross
industry preference for auctions that are conducted no less frequently than weekly (ICF,
2009).

This EU industry surveis echoed in a recommendation for the Australian
government from an experimental investigation ofaagtrade market design (Betz, et
al, 2010). They specifically exclude frequency from their experimental design,
summarizing Ockenfels (2009) (availalolely in German) by reporting that the effects of
auction frequency are so dependent on the particulars of a market that no general models
of general effects currently exist. They further assert that that laboratory investigation of
frequency is impossibland that the design choice must come rather from an

investigation of the secondary market and industry surveys.
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5.3 Experiment
Our investigation of frequency supposes that our laboratoracadfrade

markets capture the dynamics of their natural counterMdith this section, we describe
our market structures, their deviation from their natural counterpart, the experimental

design, our laboratory methods, and the input data.

5.3.1 Laboratory market design
To compare the government sales mechanisms, we use two laboratory market

designs modeled closely on natural counterparts. To avoid the context of an emissions
allowance market with the subjects, however, the markets are presented to the asibjects
produdion environmentsInput unitstake the place of allowances, and instead of
compliance, subjects manageductionin which they convert input units intautput
units, which represent new wealth in the market.
Like their natural counterparts, the two ladory markets (the auction market
and thecontinuous injection market) are repetitions of compliance cycles which
themselves consist of multiple institutions (each of which is detailed in the following two
subsections). The laboratory markets diffemfr@ach other only in the method of
government sales and their timing relative to secondary market trading.
Input units modeinfinitely bankable allowanceisthey do not expire. Ay
unused inventory in a particular cycle is carried over into the nextvekkr, input units
that are not converted to output by the end of the market have no value to the subject.
The | aboratory markets also account

full collection of allowances are sold (arbitrarily chosen to be 28%). At the beginning of
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a cycle, some of the market players receive a fixed quantity of new input uits (a
receive that fixed quantity every cycle), while others receive none.

Our laboratory markets computeased. Subjects interact with the market (and
each other by extension) through their own interface. A central server ties together the
laboratory markt.

Six subjects participate in each of our laboratory markets.

5.3.1.1 Auction market
The auction market uses a timelihat simulates the P A 6 s ma&& but uses

the uniformprice auction like greenhouse gas mark&e use the SOmarket schedule

as it isthe limiting case of infrequency with a single auction at the start of the compliance
cycle (RGGI and WCI, both with multiple, regulaidpaced large auctions, are

somewhere in the middle on the frequency continuugach compliance periog

modeled as aycle of four institutions: information update, a sealed bid auction, a
secondary trading market, and producti@mror! Reference source not found.shows a

single cycle alog with the time allotted to each institution within the cycle.

Information update: 15 sec

5 unit, uniform price auction: £ 2 min

Trading: =2 min
J/ Production: £ 30 sec

J v
| saaassmazzas

|'(— Cycle %‘I

Figure 12: Single cycle institution sequence in auction markets

The cycle begins with the information update institutidinis steprequires no

user interactionlinstead, all freely allocated allowances are distributed, and the subjects
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receive new values for output unit§hese private values change at the beginning of each
cycle, but remin constant through the cycle. We use the value chamgesoduce
uncetainty into the experimental environmernithe information update institution lasts
fifteen seconds each cycle to give the subjects time to consider their new production
values each cycle and inspect the historical record of previous cycles.

The auction dllows the information update. The auction is a shsitked,
uniform-pricesealed bid design that releases five input units into the in@aiké cycle.

After each individual auctigrall bids are recorded and made public so that each subject
canreferé t he auctionds results at any ssubsequ
at most two minuteslf all six subjects submiiid curves before thevb minute limit, the

auction is executed immediately, and play contiruiésout further delay.

The secondary market, which is modeled as a continuous double auction, follows
the auction.Bids and asks are posted and transactions are executed one unit at a time.
No bid or ask queue is maintained. Subjects can only submit offers that reduck the bi
ask spread, and once an offer has been béatewer ask or higher bidi, is
permanently removed from consideratidwlditionally, subjects do not have the ability
to withdraw offers. If an offer has been accepted as the market offer (highest bid or
lowest ask), it remains active until it is beaten, it is accepted, or trading is closed.

The secondary market lasts more than two minutes. However, ifaay point,
twenty seconds passesthout a newaccepted offertid or ask, tradng is closed,and

the market continudato the next institution As with the auction, at the close of a
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particular double auction, a record is made available to all subjects for review at any
subsequent point in the market.

Productionoccurs at the endf each cycle.Subjects are able to convert input
units into output, the value of which is set by the values assigned at the beginning of a
cycle. Each subject is limited to producing a maximum of five output units each cycle
(though there is no limit on maximum inveny). One input unit is required to produce
one output unit, and once converted into output, the input unit is removed from the
market. Production is the only institution in which wealth is actually créatede
auction, wealth is reallocated from paipiants to the government seller; during trading, it
is reallocated between participant®roduction lasts at most 30 seconds. As with the
auction, if all subjects complete production before time expires, the market advances

without further delay.

5.3.1.2 Coninuous injection market
We use continuous injection to model the limiting case of high auction frequency.

It is effectivelya combination oETS Phase 3 daily auctions ahé early Phase 2
German approach of nestrategic government sales directly inte secondary market.

In this market design, the continuous injection institution replaces both the
auction and secondary trading institutions in the market design above. The information
update and production institutions remain the saBreor! Reference source not
found. shows the sequence of institutions within a single cycle of the continuous

injection market.
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Information update: 15 sec

One unit, first price auction: £ 20 sec

Trading: = 40
J/ racing see Production: = 30 sec

J v

|¢ Continuous injection _;.|
|'(— Cycle %{

Figure 13: Single cycle institution £quence in the continuous injection markets

The continuous injection institution is modeled as a repeated sequence ofa single
unit sealeebid first-price auction followed by a double auction secondary market. In a
true continuous injection market, thevgonment sale would occur within the context of
the double auction itself. Here, we abstr
single market ask an acceptance of the highest current bid, regardless of itsiveiite
an auction where the winnpays exactly her bid (the standing best bid in the double
auction). The abstraction holds, first because the single buyer pays exactly her bid value
for the single unit offered in each auction (as is the case in of our double auction) and
second becauseenare investigating auction frequericgot the specific mechanics of
continuous injection, which themselves would require specific investigation. We
introduced the abstraction to obviate any difficulties in the laboratory with network
synchronization ithe subjects were to adopt timidgpendent sniping strategies.

Since five new input units are sold into the market each cycle, five loops of the
auction and trading sequence constitute a single instance of the continuous injection
institution in this envionment. The auction takes at most 20 seconds. Unlike the auction

markets, only the winning bid is recorded and made public after these auctions. The
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trading uses the same rules and mechanisms discussed in the previous section and lasts at
most 40 secais per loop of the institution.

At the close of a continuous injection institution, a complete record of auction
prices and trades is made available to the subjects for review at any subsequent point in

the laboratory market.

5.3.2 Market simplifications
Our laboratory markets include the salient features and incentives of natural

greenhouse gas markets. Most importantly, pollutions allowances are managed as
production inputs, government sales are conducted in the context of an ongoing double
auctionbased seandary market, and allowances do not expire. At the same time, as in
all laboratory investigations, our markets include simplifications. Above, we noted our
abstraction of the continuous injection sale as a single unit sealed bjtiiestuction.

Here, we note our others.

First, in a natural market, emissions and allowance trading are concurrent. Only
at compliance must the inventory of allowances be greater than the quantity emitted since
the last compliance deadline; at any other time, a polluter may have already eroitted
than it has allowances in inventory. In the laboratory market, this is not possible. The
subjects first acquire input units and then use up to the number of input units in inventory
to produce output. This simplification eliminates consideratfa@ompliance penalties.

Second, in our markets, all trading is spot trading and consists only of input units
that can be converted to output as soon as they are released into the market. No

derivative contracts exist.
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Third, dl subjects inthe laborgory market modedrepollutersi all canuse input
units to generate wealthn the natural market, nesompliance entities will participate
in the market in an attempt to derive profit through exchange. In our market, profits can
be made this way, bwte have no subjects for whom it is the only way.

Fourth and finally, in a natural market, common information that is not provided
by the market itself will be available. No external information is relevant to our

laboratory market.

5.3.3 Experimental design
For this experiment, we used 18 separate laboratory markets to consider two

treatment variables: the government sale mechanism and a shock to the underlying use
value of allowances. The sale mechanism is aléwel variable; the value shock is a

three levétreatment. We employed a 3x2 factorial design with three replications per
treatment.

Government sale mechanignWe consider both the uniforprice auction and

the continuous injection methods of selling input units into the market. Five input units
are sold to the market participants each cycle. In the first case, a wpifm@auction
prior to secondary market trading is used. In the second, fivgficg auctions for one
unit each are spread evenly throughout the secondary market.

Value shok i We consider three levels of underlying production values. The
base case features values drawn from a constant distribution. The two excursion cases
consider values shifted up and values shifted down for cyel®s Bectiorb.3.4.1.1

contains a full discussion of these distributions.
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5.3.4 Market data
The data driving a laboratory market come in two forms: input data artdmwan

data. The input data define the particulars of the laboratory market and the subject
endowments. These data remain constant oveg@itatesof a particular treatment,

and where possible, they remain constant over all runs, regardless of treatment. Run

time data are created by the subjects themselves over the course of the laboratory market.
They affect subsequent decisions in the market, but we cannot control thegh (theu

do record them as they form the basis of analysis).

5.3.4.1 Input data
The input datzan also be considered to fall into broad classes: market

definition and market identity endowments.

Market definition inputs simply define the particulars of theotakory
markets. This information is public to all subjects. For this study, six subjects participate
in each market. The markets consist of sixteen compliance cycles, and eighteen new
inputs units are added to the market in each cycle. Five are®ulteen are freely
allocated.

The endowment data are assigned to a market identity, and subjects are
randomly assigned a market identity when they enter an experimental session. This
allows us to model information that is publicly available in a r@tmarket without
sacrificing the privacy of a particular subject in the laboratory.

The endowment data consist of the production values and free allocation
allotmens assigned to each of the market identities. Production values are private

information Nosubject at any time can see the production values of any market identity
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other than his ownFree allocation allotmentsn the other handre public information.
At all times, all can see the distribution of free input units. We discuss our wfeans

generating these inputs in the following two subsections.

5.3.4.1.1 Compliance cycles
The laboratory markets from which we draw our data last 16 compliance cycles.

We could have used fewer compliance cycles and had our subjects participate in multiple
marketsfrom which we gather data. In previous unpublished work, we have seen
evidence that allowance banks grow to start the market and then hit a plateau before
falling again as the market closes and unused allowances become useless. We used 16
market cyclesd ensure that eraf-market banking behaviors could not dominate the

duration of the market.

5.3.4.1.2 Production values
Production values vary for each market identity between cycles, but they are

symmetric over the identities in that they are drawn from the samidtion for all
identities. Each market identity is assigned five production values per cycle (with each
i ndi vi dual 6s miteddaddaumeximuro of five ealuas ger dyale).

The generation of these values begins with the base treatment mtimie is no
shock to underlying value distributionsw@ distributions set the production values for
each cycle The first is uniformly distributed over the integers e$40 (40 laboratory
dollars) through e$100. From this, eighteen values are drawraaddmly distributed to
the market identities. The second is uniformly distributed over the integers e$0 through

e$40. The remaining twelve values per cycle are drawn from this distribution and
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assigned to the market identities. This means that lbaeking, the equilibrium
market price is roughly e$40.

Production values for the case of the downward underlying value shock are
equivalent to the base case for cycl&dnd 1116. For cycles-10, the values created
for the base case are simply desed by e$20. Any value less than e$0 after the shock
is then set to e$0 to avoid the case of production actually destroying wealth.

For the case of the upward underlying value shock, the same procedures are
employed. Cycles-6 and 1116 have the sameqgduction values as the two other cases.
Cycles 710 have production values that are simply e$20 greater than those of the base

case.

5.3.4.1.3 Free allocations
Thirteen of the eighteen input units added to the market at the beginning of each

cycle are given for &e to three of the six market identities. These identities are termed
incumbentsthey represent the relative winners in the political process that allocates the
majority of allowances. They receive a constant number of allowances to start each
cycle. Two of the incumbents receive five new input units at the start of everyicycle
enough to guarantee the option of producing the maximum allowed level of output every
cycle (should they chose to do so). The third receives three. The remaining three
identities who receive no free input units are called entrants The imbalance of free
allocation allotments in our laboratory market may be more pronounced than a natural
version, but it ensures that every cycle presents the opportunity for profitaidenthe

secondary market.
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5.3.4.2 Runtime data
Runtime data consist primarily of winnings, inventories of input units, and price

series.

Individual winnings and inventories are private information. At no pmantany
subject determine th&innings orinventay holdings of any market identity other than
his own, nor can any subject determinedfgregatsum ofwinnings orinventory
holdings in the market.

Price series are public information. When in a trading institution (strict double
auctionandcontinuous injection), subjectse presented with a graph showail
exchanges and sales that have occurred previously in that particular institution. Also, at

all times, subjects can access a graphical history of all previously conducted institutions.

5.3.5 Subject training procedures
The experimental market necessitated rigorous subject training. The market

design is complex, and early decisions in a market can propagate over the duration of the
market. We, therefore, used a training session to faragidine subjects with the
environment. At the end of the training session, we used a written test to assess the
subjectsdéd understanding of marketds rul es
demonstrated a clear understanding of the environment wetedrwgia second session
with the same market design within two weeks of the training session.

It is from the second sessions that we draw our findirthsat is, all subjects in
the laboratory markets upon which we rest our arguments were experieced in

experimental environment and had demonstrated an understanding of our environment.

112



Training markets only lasted 12 compliance cycles, and they did not include a
value shock. The distributions from which production values were drawn remained
constanbver the course of the market.

96 subjects participated in 16 training markets using the auction. 86 were
invited to return. 71 did return, and 54 (nine markets of six subjects each) participated in
a second session auction market. If at a secondeesise number of qualified subjects
was not a multiple of six (six subjects per market), then the subjects were selected
randomly for participation (Any qualified subject was deemed as qualified as any other
subject who had been invited to return). Waldaot coordinate the schedules of the 17
bumped qualified subjects to muster two more second session auction markets.

112 subjects participated in 19 continuous injection training markets. 89 were
invited to return. 68 did return. 54 participatedes@nd session continuous injection
markets (again, nine markets of six subjects each).

Summing over the two treatments, our observations are drawn from 18

experimental markets with a total of 108 subjects.

5.3.6 Laboratory procedures
To start a sessidneithera training session or a second sessitie monitor

seatssubjects randomly in the laboratory and then randomly assapha market
identity. Market identities are private. Subjects cannot match another subject with
another market identity.

Once givermarket identitiesthe subjects log into the system and the monitor

distributes instructions. The monitor then resttie instructions aloud. To improve
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subject sb6 compr eslsteppesl afterrthe expldnationrokeact institgtion
that requires user interaction (the auction, trading, continuous injection, and production).
The subjects play the institution, and e&hiven a sheet of exercises. As subjects
complete the exercises, the monitoeais with each individually at hisrminal to

discuss any errors and to ensure understanding. The movesnat collect the

exercises; subjectanrefer to them throughout the market amdthe case of the training
market, duringhe test at the end of the session. After all subjestsbeen visited, the
monitor dbesthe exercises on the board for all to see. These explanations remain on the
wall for the duration of the experiment. After the explanation to the group, the monitor
resumsreading aloud the instructions for the nexdtitution. The market proced

without further interruption after thexercises for the production institution

5.3.7 Subject payments
Subjects earned a $5 shan fee for both sessions. In the training sessions,

subjects were paid in cash one real dollailf&® laboratory dollars, and per subject
payouts average®tl2 (not including the showp fee). For the second sessions, the
exchange rate was one real dollar to 80 laboratohgrs, and payouts average $38

(again not including the shoeup fee)

5.4 Hypothesis
As discussed in Sectidn2, previousnvestigations of live and laboratory

markets showhe secondary market to be the primary mechanism of ghscevery and
efficiency. We thereforexpectedhat, in our laboratory setting, when an auction was

replace with thecontinuous injection sales mechanism there would be little effect on
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market prices or market efficiency. Contrary to hypothesis, hawesesee statistically
significant differences between the markets using the single ungdo® auction per

compliance period and the markets using continuous injection.

5.5 Results
We now pesent findings in threleroad categories

Revenue and winning3 he continuous injection sales method reduces the

average sale price of allowances (thus government revenue also) and increases market
participant winnings.

Price discoveryBoth the auction and the continuous injection sales methods are

pricefollowing i not pricediscovering. Continuous injection sale prices more closely
track secondary market prices than do auction clearing prices, and the prices in the
continuous injection markets better reflect the underlying equilibrium of production
values.

Efficiency We detect no difference intal market efficiencpetween markets

using auctions and markets using continuous injection.

5.5.1 Revenue and winnings
Result 1: The auction delivers higher government revenue than does the

continuous injection.
The laboatory markets show strongly significant differences in total seller
revenue between the two government sale mechanifaisel shows the central

tendencies.
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revenue at the end of each laboratory market (18 observations), yieldsideshe

Table 1: Experiment 2 - Total seller revenue (after 16 cycles) means and medians

Mean Median
Auction 4004 4285
Continuous injection 2945 3251

Statistically, we employ two tests. First, a rank sum test on thesekai

value of 0.017. Second, a linear regression model of the following form shows the sale

mechanisms to be strongly significant.

1T QUQeEOd QT 1 QUQEOT W

Theb terms are the regression coefficients. Yherm is an indicator variable

(o~ Tip ) noting whether the market uses an auction or continuous injection to disburse

allowances. The resulting?®s .9945. Table2 holds the remaining model output.

Table 2: Experiment 2 - Revenue is higher with auction than with continuous injection

Bo b1 (previous total | b, (isAuction)
revenue)
Parameter estimate 280 0.98 77.0
p-value <.0001 <.0001 <.0001
The coefficient on tshowesthe saeydelvara

cycl ebs

relatively constant revenue stream to the seller. With the intercept and the indicator

coefficient, the regression estimates revenues resulting from the five input units sold each

cycle to be about 28% higher with the auctiomthath the continuous injection.

prices.

Result 2: Auction clearing prices are higher than continuous injection sale
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This observation is a corollary of Result 1. Since auction clearing prices are
higher than continuous injection sales prices, and shectotal number of input units
sold is equivalent in the two markets, then overall revenues (price x quantity) are higher
with the auction than with continuous injectidrror! Reference source not found.

shows central tendencies.

Table 3: Experiment 2 - Government sale price means and medians

Mean Median
Auction 50.05 50.0
Continuous injection 35.12 36.0

We employ a conservative statistical approath this result (and throughout
this analysis) in which we generate a single value for each experimental market by
averaging the clearing and injection sale prices over each run. Comparing the 18
observations with a orgided rank sum test, we find avplue of 0.017 for the null
hypothesis stating that the auction clearing prices are lower than continuous injection sale
prices.

We note that the same procedure applied to the secondary market trade prices
does not yield a differendeetween the two salesathods.

Result 3: Median player winnings are higher in the continuous injection
markets than in the auction markets. Specifically, incumbent winnings are higher

in the continuous injection markets than in auction markets.
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Our laboratory markets show wisitrong significance that the overall player and
incumbent winnings increase. The evidence for increaseeengant winnings is less
convincing.

Statistical evidence for the result is provided by a linear model on the sum of
subject winnings at the end tbfe laboratory market.

0LQE € QFQT w T a T

As above, thé terms are the regression coefficients. Yherm is a binary
indicator variable noting the government sale mechanism. The z terms are ternary
indicators accounting for the three value shift treatments.

Results are shown ifiable4 for overall winnings, incumbent winnings, and new

entrant winnings.

Table 4: Experiment 2 - Player winnings

Means
R? p-value on Auction Continuous
b, (isAuction) markets injection markesd
Overall winnings 0.70 0.01 17661 18942
Incumbent winnings 0.69 0.03 12369 13046
New-entrant 0.47 0.18 5293 5896
winnings

The difference of the means would indicate the incumbents and new entrants
roughly share the increase in winnings attributable to the continuous injection. The lack
of fit in the third case, however, eliminates statistical significance on the notion of

increased neventrant winnings.

5.5.2 Price discovery
Result 4: Government sales are pricéollowing, not price-discovering.
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A primary purpose of auctions in an allowance market is price discovery. Indeed,
price discovery is an objective of any market, but th&ians in the allowance markets
are specifically intended to aid this process. We find that the auctions, over the course of
an entire market, do not aid this objective. Instead, a particular auction is more a
reflection of previous secondary marketirgy than of subsequent secondary market
trading. This is true also of continuous injection.

To show this statistically, we first calculat€for each secondary market trade as
follows:

T s @ 08

pi is the price for a particular trades is the sale price of the government sale
immediately preceding the trade. In the case of an auction market, this is the clearing
price at the beginning of the cycle. In the continuous injection, this is the sale price of the
input unit sold in immeidtely previous firsfprice auction.s+1 is the sale price of the
next government sal&j is positive if the trade price considered is closer in value to the
next government sale; it is negative if it is closer to the previous government sale. If the
government sales are pridescovering, themi should generally be negative. As this
secti onds h e & teeecrare gengyatlygassitiiEthe gavérranent sales are
price following.

Again proceeding along a conservative routeiaieaveraged into a single data
point per laboratory market, and we apply a rank sum test on the null hypothesis that the
government sales are price discovering. In the case of our nine continuous injection

markets, the oneided pvalue for i is 0.02 sigrificant evidence supporting the notion

119



of pricefollowing. For the nine auction markets, the @nded pvalue is 0.08
conceivably a borderline level of significance for ptriokowing, but one that certainly
makes dubious any claims of price discovemyperties of theniform-priceauction in
the context of an ongoing market.

Arguably, price discovery properties are most important at the stannafrieet or
when some underlying value shock occurs before the secondary market casoreasct
applythe same conservative tests to the first cycle and the cycles that begin with an
underlying value shift (and 11). These cycle® notshoweither government sale
mechanism to be price discovering. Instead, market pricesforthe secondary market.

Result 5: Prices of continuous injection sales more closely match secondary
market trade prices than do the clearing prices of the auctions.

We now question which of the two government sales mechanisms yield prices
more similar to secondary market pscé/Ne consider two metrics. The firstis the
absolute differencedf between each secondary market trade price to the immediately
preceding government sale (where the subsprif@notegprevious.

Q 9 is
The second is the absolute differeneéneen each trade price and the
immediately following government sale (where subsdrgenoteguture).
Q 9 i s
We note that these two metrics are each one half af #guation above.
Taking the same conservative approach as before, we average the difference terms

in each market to generate a single value per laboratory market and apply a rank sum test

120



to compare the government sales mechanisms. For the preceding sale difference, the
continuous injection yields a smaller average, but the result is not significaalLg of

0.13 on the onsided test). For the following sale difference, however, the result is
significant (pvalue of 0.05), andiscethe government sales (auction angction) are
price-following, we can conclude that the government sales in a continuous injection

market more closely match the secondary market.

5.5.3 Efficiency
Result 6: We detect no difference in market efficiency between markets using

auctions and marketsusing continuous injection.

We compare efficiencies of the two sales mechanisms by considering the total
wealth in the market at its close. This is the sum of player winnings and government
revenues. As we did in Result 3, we applnear model:

VEEQEN T W T a T
Thisyields a pvalue of 0.43 (Rof 0.85) on the null hypothesis of no difference between
the sales mechanism treatments. We thus cannot reject the null hypdthiesis cannot
confirm that there is in fact no difference.

We nowrecall the first three findings. There, we show the infrequent auctions to
increase government revenues and continuous injection to increase market participant
winnings. If there is ineled no efficiency difference between the treatmgmtd our
data cannot reject that notiothien the magnitudes of these changes are equivalent. The
sale mechanism woulgeld no changes total generaig wealthi only theallocation

between the sellemd the market participants.
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5.5.4 Use-value shifting
All of the results presented above consider the auction frequency treatment. We

included the value shock treatment as we had seen in unpublished previous work hints of
systematic banking behavior in respes value shifts. With this experimental

environment, we see no statistically significant trends.

5.6 Conclusion
We have presented the results of laboratory markets that model two mechanisms

for government sales of allowances into a-aapgtrade market: eelatively infrequent
uniform-priceauction and the continuous injection mechanism, which is thestategic
sale of allowances directly into the double auction of the secondary market exchange.
We find that the average government sale price in camtisiinjection markets is
lower than in auction markets (Result 1). The mechanisms do not themselves appear to
affect the amount of wealth generated in the market (Result 6), so these lower sale prices
reduce total government revenue (Result 2), but tisatrévenue is transferred to the
regulated community, certainly to incumbent firms and likely to new entrants (Result 3).
Our markets also show that both auctions and continuous injection sales are price
following (Result 4). Market price adjusts ovwke course of the double auction trading
in the secondary market, not with the government sales. Additionally, government sales
in the continuous injection markets are closer to secondary market prices than are the
clearing prices in the auction markeRegult 5).
The lack of price discovery by the large, infrequent auctions parallels some
previous work on multiplgeriod price formation in a double auction. Gjerstad (2007)

uses a laboratory environment of repeated double auctions to show converagace tr
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price to equilibrium, but he shows that the price converges more over the course of each
double auction than at the cycle boundaries. In our environment, the auctions serve as
the cycle boundaries, and the double auction is the primary price mover.

More generally, the double auction literature show strong convergence to
equilibrium in experimental environments (Friedman, 2010). Equilibrium in this market
is ill-definedi input unit banking, the production limits, and the unknown future value
distribuions conspire to make that definition fraughand so we have not offered a
comparison of market price to underlying equilibrium. But, if it is indeed true that
trading will converge to equilibrium, then equilibrium is different in our two treatments.
The double auctions are the primary movers of market price, but market price is higher
with the larger, less frequent auctions. We conjecture that this price difference is a signal
of the risk that the ETSO0s r e gagel2gNeghdf, mar k e
2007) and again before Phase 3 (ICF, 2009). Regardless of the source of the price
difference, this means that while the frequency of government sales may be of little
relevance to price discovery, it certainly affects eventual market, anckefrequency

should be a primary concern for a market designer.
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5.7 Market summaries
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Figure 14: Experiment 2 - Continuous injection - constant production value distribution - Run 1
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Figure 16: Experiment 2 - Continuous injection - constant production value distribution - Run 3
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127

16



100

a0

=lu] .

70

G0

50

Frice

30

20

10

Eo

Total banked inventary

30

20

o | I |
1 2 a 2 5 (] 7 a2 =] 10

End of cycle

|l Clearing price = Trade price = Equilibrium - - equilibrium estimate {if no banking)
Figure 18: Experiment 2 - Continuous injection - downward production value shift- Run 2

128



100

a0

20

70

G0

50

Price

30

20

Total banked inventory
[ ]
[}

=} a

End of cycle

2 3 5

‘ A Clearing price = Trade price 45 Equilibrium - - equilibrium estimate (if no banking)

= .
g |

14 15

&
-
=
a
o
g |
a
w

Figure 19: Experiment 2 - Continuous injection - downward production value shift- Run 3
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Figure 21: Experiment 2 - Continuous injection - upward production value shift - Run 2
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Figure 22: Experiment 2 - Continuous injection - upward production value shift- Run 3
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