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Abstract

Environmental policy instruments, such as marketable pgsrmxist to help monitor and
regulate environmental practices of organizations, ommanies and institutions (see [60],
[77] and discussion in Chapter 2). Market-based instrumamgtslready employed for the
implementation of environmental policies on Europeanes¢B&luropean Emission Trad-
ing Scheme - EU ETS) and on global scale (Kyoto protocol). Aretiort to bridge the
gap between the theoretical emission permit price and ebdenarket-price behavior, we
investigate the historical time series of the marketablengeprice. More precisely, in
Chapter 3 we advocate the use of a new GARCH-type structuredartalysis of inherent
heteroskedastic dynamics in the returns of, &Othe U.S. and of C@emission permits
in the EU ETS. In Chapter 4 we show that the presence of asyntnfetrincomplete)
information plays a central role. In other words, marketgs of permits are affected by
the different information sets based on which market-piayeund their financial and in-
vestment strategies. A G&@ption pricing model comparison is developed in Chapter 4.7
The option pricing method can be used for hedging purposeédamricing CQ-linked

projects and investments.



Acknowledgments

"We learn more by looking for the answer to a question and nalifig it

than we do from learning the answer itself”

-Lloyd Alexander

This thesis has benefited from the interaction of three émetnvironments.

The first one was the Institute of Economy at the Universitdefgamo, where | had the
opportunity to start my PhD in computational methods in ®eta2004 at the department
of Mathematics, Statistics and Information Technology. Wgrmest thanks go to Prof.
Rosella Giacometti, Prof. Sergio Ortobelli, Prof. SvetloRachev, Prof. Andrea Resti,
Prof. Vittorio Moriggia and Prof. L. Bertoli Barsotti for enkig a simultaneous research
and learning work in Bergamo. | want to thank Prof. Marida Becto for her persever-
ance in convincing me to purse a one-year visiting at the &fsity of Zirich. | would
not be where | stand now without here advices. | would alsokimy former classmates
Marianna Brunetti, Domenico De Giovanni, Simona Gambarejd@aOrlandini ed Emilio
Russo for the useful discussions and the unforgettable gg@nt studying together. The
financial support from Credito Bergmasco (Banca Popolare dinge Novara) is grate-

fully acknowledged.

Vi



The second important stimulating environment is the SwiskBay Institute at the Univer-
sity of Zurich. The largest part of this work was carried out here@ahair of Quantitative
Finance. | would like to express my gratitude to thigrigh-based supervising professor
Marc Chesney for his excellent guidance and comments dumimgvork. | want to thank
Prof. Marc Paolella and Prof. Pauline Barrieu for their heid aontribution to our joint
works. Also, | thank Prof. Rajna Gibson Brandon, Prof. Thard#ens, Prof. Alexan-
der Wagner, and Prof. Michael Habib for their advice and supguring the writing of
this thesis. My gratitude goes also to Prof. Walter Farkafdhis assistant in the lec-
ture"Introduction to Mathematical Finance{Master of Advanced Studies in Finance at
ETH - Zurich) was both an exiting and threatening experience fdr Biscussions with
classmates and colleagues of the Institute were alwaysgrotiocative and stimulating.
A special thank goes to Urs Schweri for his enormous patiéméistening and transmit-
ting me his outstanding computational skills. The finansigpport from the University
Research Priority Program "Finance and Financial Markets’lay the National Centre of
Competence in Research “Financial Valuation and Risk Managgridd¢CCR FINRISK),
respectively research instruments of the University ofigh and of the Swiss National

Science Foundation are gratefully acknowledged.

Finally, | want to thank my family and friends for their suppduring the dissertation
process. My parents, my sister, my brother, and Federiaaidy have always encouraged
me in pursuing my way. My deepest gratitude goes to Fededchdr love, patience,
perseverance, and devotion. She moved to Switzerland memmauall she had and made

my research possible.

VIl



Contents

Abstract . . . . . . Vv
Acknowledgments .. . . . . . . L e e Vi
1 Summary 1
2 Environmental Economics 5
2.1 Environmental Economics: APrimer. . . .. ... ... ........ 6
2.2 Marketable Permits Systems and Effectiveness. . . . . . ... .. .. 13
2.3 Modeling Marketable Permits . . . . . . .. ... ... ... .. .. .. 17
3 Econometric Analysis of the Marketable Permits 21
3.1 An Econometric Approach for Analyzingthe §Data . . . . . . . . . .. 23
3.1a  lliquidity . . . . . . 23
3.1b  BasicAnalysis . ... .. ... 24
3.1c Stable-GARCHModel . . . . ... ... ... ... ........ 27
3.1d Mixed Normal GARCH: Model and Numerical Issues . . . . . .. 30
3.1e  Mixed Normal GARCH: Estimation Results and Diagnostics. ... 35
3.2 Analysisof CQReturns . . . . . . . . . . .. ... e 40
3.3 Conclusions . . . . .. 46



4 Continuous Time Model: An Equilibrium Approach 48
4.1 Marketable Permits for Air-control . . . . . . . ... ... .. ... .. 51
4.2 Abatement Opportunities in the ShortTerm . . . . .. ... ...... .. 53
4.3 The Formal Model:"Wait-and-see” for One Company . . . . ...... . . 56

4.4 Two-companies and Multi-periods Trading. . . . . . ... ....... 61

4.5 Multi-firm and Multi-periods Trading . . . . . . . . ... ... ...... 67
4.6 Numerical Evaluation . . . . . .. ... .. .. ... ... .. .. ..., 68
47 CQOptionPricing . . . . . . . . . e 73
4.8 CGQ Option Pricing: AComparison . . . . . .. .. ... ... ..... 76
Appendix A
........................................... 81
Al Appendix Al . . . . e 81
A2 AppendiX A2 . . .. e e 82
A3 Appendix A3 . . .. e 83
Ad Appendix Ad . . e 86
A5 AppendiXx A5 . . . 88
Bibliography 90



List of Figures

3.1

3.2

3.3

3.4

3.5

3.6

Daily SQ returns (top), and the SACF of the zeros-removed absolute re-
turns (bottom). . . . ... 26

Kernel density (solid) of the S@eturn series, with the best-fitting normal
density (dashed) and best-fitting symmetric stable de(dtyh-dot). Right

panel is just the magnified view of the right tail. . . . . . ... ... .. 27

Thep-values from the runs—test performed on segments of ther&0rn
series. The first segment is the returns in the whole sehessécond is
from the second return to the end, etc., up to(thie- 50)th observation to

theend. . . . . . . . s 28

QQ-—plot of a simulated time series versus the returesésr the SQprice

INAEX. . . . . o 38

Deviation probability plot; solid is farGARCH, dashed is for MixN(3,2).
Plotted values are “Deviation’= 100(F,, — F) (vertical axis) versu$00F
(horizontal axis), wheré?; is the cdf of a uniform random variable?
refers to the empirical cdf formed from evaluating the 1,886—step, out—

of-sample distribution forecasts at the true, observext;aay return. . . . 40

Daily COreturns . . . . . . . . . e 41



3.7

4.1

4.2

4.3

4.4

Deviation probability plot for C@returns based on moving window of

size 250; see caption in Figure 3.5 for description. Solidig-GARCH,
dashed is MixN(3,2), dash-dot is GAt-GARCH, and dotted is GXRCH

using a weighted likelihood. . . . . . ... ... ... ... ........ 2 4

Plot of Sy, the emission permit price at initial time, as a function)qf,

the amount of permits sold (negative values) or bought {pesvalues)

at timet = 0. We plot the permit price for differert : 1 € R}, left pic-

ture, and differen{o : ¢ € R}, right picture, keeping all other parameters
constant. In this example, N 170, P = 40 and@Q, = 100. . .. .. ... 60
S, permit price evolution (bottom-part) for the pollution paretersy =
(0.15;0.10), & = (0.10;0.10), Qo = (50;25), Ny = (52;25). The sim-

ulated pollution processes are depicted in the upfer)(and middle-part

(Q2.1)- -+ o o 69
S, permit price evolution (bottom-part) for the pollution paretersy =
(—0.15;0.001), o = (0.10;0.10), Qo = (50;25), Ny = (52:25). The
simulated pollution processes are depicted in the upper)(and middle-

part (Q2.1). « o o e 70
S, permit price evolution letting vary the drift and the voliyi terms for
company one, respectively upper and middle picture, ant i ini-

tial permits endowments, lower picture. The common stgrpollution
parameters arge = [—0.15;0.001], o = [0.10;0.10], Qo = [50;25],
No=[5225]. . o o 80

Xl



List of Tables

3.1

3.2

4.1

Likelihood-based goodness-of-fit for the S@turn series. The best values
for each criteria are marked in boldface. . . . ... ... .......... 36
Likelihood-based goodness-of-fit for the O®turn series. The best values

for each criteria are marked in boldface. . . . ... .. ... .. ...... 42

European Call and Put option prices according to tworriffeoption pric-
ing models. The table reports the results for six possibtegd situations
where we allow the pollution drift and volatility terms toryalnitial pollu-
tion levels,Q, = (50; 25), and initial permits endowment&, = (55; 25),
are fixed. The risk-free rate is= 0.03, maturity is7" = 1; and the penalty
P = 40. The simulated pollution processesare 500 for each company

andA = 100. . . . . . s 78

Xl



Chapter 1

Summary

"You are using profit motive to achieve a public good, and tlsigust

brilliant. ..”

-Henry Derwent, head of IETA

"Until people consciously realise the situation that the Vdois in and
change their own patterns of behaviour, you can't changetangt.. One
of the reason carbon trading is so acceptable to the poweastik is that it

doesn’t substantially impact on existing operations.”

-Toby Carroll, research fellow, Lee Kuan Yew School of PuBlaicy
"The point of the market s to find the most efficient way to redermoissions .”

-Bill Hare, Greenpeace

Global warming is on the top of many agendas nowadays. Ina$tedecade several
organizations, policy regulators and scholars have baetyisiy and discussing possible

strategies to tackle the problem. Most of the proposedisaoisiinclude increasing energy
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efficiency and conservation, examining the potential f@teee, sequestration and storage
of carbon, expanding the production of renewable energl/esan reviving nuclear energy
production. But most of the recently proposed strategigsidieca form of cap-and-trade
system for carbon dioxide emissions based on marketabigifgerin such a system, the
regulator allocates a number of emission permits to theoresple installations, and at pre-
settled compliance dates, each source must have enoughtgptrmover all its recorded
emissions or be the subject of significant penalties. Therrale for such a system is that
the exchange of permits between firms through trading witimize the overall social
costs since companies that can easily reduce emissionslavédb, and those for which
it is harder will buy permits. Today several countries aleanplemented cap-and-trade
schemes in their efforts to curb greenhouse gases (GHG) ariceta for emission permits
do exist in the U.S. and in Europe. In Chapter 2 we will survey ¢hvironmental eco-
nomics principles (and assumptions) under which marketpbimits are a cost-effective

choice to reduce pollution.

One of the aims of emissions trading is the introduction abernalisation of the value
of emitting CQ in the economy. For the parties participating in the Europsgheme,
optimizing every-day operations while taking into accotirg value of emission permits
seems obvious today. However, knowledge of the statistiisaitibution of the prices of
marketable permits, and their forecastability, were ndtigantly studied by the litera-
ture. Such notions are crucial in constructing, among othieigs, purchasing and risk
management strategies. Chapter 3 analyzes the two mainthéskeermits designed for
air-pollution control in Europe and in the U.S. and investes a model for dealing with

the unique stylized facts of this type of data.



The first 4 years of the European cap-and-trade system foooatioxide emissions
have proven cap-and-trade can work. We address those saatiested in the economic
impacts and social results of the EU ETS to the numerous pajited in Chapter 2. The
current thesis concentrates more on the development ofdadsadiamic price model. The
transaction of permits -market liquidity- has been incieg$rom 300,000 emission per-
mits per day in January 2005 to 4.9 million permits per dayanuary 2007. As such,
the market does much more than simply transfer permits frompanies with a surplus
in permits to companies with a deficit. This implies that esiwe permits are not only
considered a compliance tool, but are also transacted axfahaontracts, putting them
on the same level as other commonly traded securities. $adimgj interest is important
in establishing the market value of the €@ermits and is modeled in Chapter 4. The
goal of this Chapter is to develop a mathematical model fosttwet-run equilibrium price
of the emission permit in the presence of partial informatiand to analyze the possible
economic price equilibria when different initial permitsdwments or companies charac-

terizations are introduced.

Today derivative contracts play an important role in the kats for emission permits.
By allowing market participants to reduce exposure to pligle permit buyers and sellers
can better plan their businesses. The availability of tieaekets can eventually provide
the means to allow greater risk to be spanned, thus famlitgrowth and efficiency in each
of the associated industries. In the last part of Chapter Hrvedy introduce a European-
style (financial and real) option pricing model comparisbhe benchmark model is that of
Black, Merton and Scholes (1973) where one assumes the gaingtevolves according
to a geometric Brownian motion. The second option approalsren the equilibrium

price dynamics adjusted for the risk, i.e. under the riskraprobability measure.
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The thesis contribution is threefold. First, the economoeinalysis provides companies
with a comprehensive approach for analyzing the statisticdribution of the prices of
emission permits and constructing effective risk managesteategies for those portfolios
which include emission permits. Second, the equilibriundeias designed to empower
policy makers into designing emissions markets capabledetramissions target while
at the same time, accounting for the presence of partiah{astric) information and the
existence of strategic interactions in the trades of petnfinally, the equilibrium price
dynamic under the risk-neutral measure can be easily erglfoy pricing CQ-based (fi-
nancial and real) contracts such as option derivativesaegtr investments (for example,

those projects developed under the Clean Development Mieschan

| would mention that some of the technical issues raised kytttesis involve new
mathematical models in environmental economics and vengrgé competitive equilib-
rium problems. They all lead to new mathematical challerajexptimization techniques
including conditional Monte Carlo simulations. Finally, vaepe the importance of the
applications and the relevance of the tools of stochasttyais and stochastic numerics

highlight the role that mathematics has to play in majorgyoinaking decisions.



Chapter 2

Environmental Economics

"Private markets are perfectly efficient only if there arepublic goods, no
externalities, no monopoly buyers or sellers, no incregsaturns to scale, no
information problems, no transaction costs, no taxes, moroon property and
no other distortions between the cost paid by buyers and theflie received

by the sellers.”

-Fullerton and Stavins (1998)

Virtually every aspect of economic activity results in greeuse gas emissions (GHG),
so when the environmental revolution arrived in the late0s9@he (environmental) econo-
mists were ready and waiting. Economists had what they saxakerent and compelling
view of the nature of pollution with a straightforward setpaflicy implications. The prob-
lem of externalities and the associated market failure had long been a part of itre-m

economic theory. Economists saw pollution as the consexgueiran absence of prices for

1Externalities refers to situations when the effect of piign or consumption of goods and services
imposes costs or benefits on others which are not reflectdwiprices charged for the goods and services
being provided.
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certain scarce environmental resources such as cleandaivater, and they prescribed the
introduction of surrogate prices in the form of unit taxeseffluent fees” to provide the
needed signal to economize on the use of these resourcesexpiain why the source of
the basic economic principles of environmental policy ibédound in the theory of exter-
nalities. The literature on this subject is enormous; itoenpasses hundreds of books and
papers. An attempt to provide a comprehensive and detaéiscrightion of the literature
on externalities theory reaches beyond the scope of thi@guinstead, we shall attempt
in this paper to sketch the central results from this litenrat with an emphasis on their
implication for the quantitative analysis of the price dymes of the marketable permits.
And so, we begin in section 2.1 with a review of the theory ofiemmental regulation
in which we explore theoretical results regarding the ah@mong the key policy instru-
ments for the control of externalities: taxes, subsidiebraarketable permits. Section 2.2
overviews those factors that affect the effectiveness aketable permits addressed by
several authors in the last decade. Section 2.3 concluddgzang the recent attempts to

develop a valid dynamic price model for emission permits.

2.1 Environmental Economics: A Primer

In a competitive market equilibrium, firms with free accessmvironmental resources will
continue to engage in polluting activities until the magajireturn of their production is
zero. We thus obtain the familiar result that because of tilisregard for the external
costs that they impose on others, polluting agents will gaga socially excessive levels
of polluting activities. The policy implication of this rekt is then clear in economics. Pol-
luting agents need to be confronted with a price equal to thugimal external cost of their
polluting activities to induce them to internalize at thergia the full social costs of their

pursuits. Such a price incentive can take the form of thelfamiPigouvian tax” , after
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[65]. This is a levy on the polluting agent equal to the maagjsocial damage. However,
the Pigouvian solution to the problem of externalities hesrbthe subject of repeated at-
tack along Coasian lines. [21] has elaborated on the exteesajuestion by emphasizing
that the root of the problem is that of undefined propertytaghrhe author claims that
if the ownership rights to clean air, for instance, were djedefined and enforced, then
self-interested parties would use legal and market meshemnto bring about a socially
acceptable level of externalities. However, such a theolgishin absence of transaction

costs and strategic behavior (more on this in the next sectio

Beside a tax on polluting activities, two alternative poliogtruments have received
extensive attention in the literature: subsidies and mabte permits. Early on it was
recognized that a subsidy per unit of emissions reductiadcestablish the same incen-
tive for the abatement activity as a tax of the same magnipedenit of pollution emitted.
Soon it became apparent that there are important asymségigveen these two policy
instruments -see [47] for a comprehensive analysis. Inquéat, they have quite different
implication for the profitability of production in a pollutg industry: subsidies increase
profits, while taxes decrease them. The policy instrumdmnis have quite different impli-
cations for the long-run, entry-exit decisions of firms. Hubsidy approach will shift the
industry supply curve to the right and result in a larger nands firms and higher industry
output, while the Pigouvian tax will shift the supply cuneethe left with a consequent
contraction in the size of the industry -see [5]. The basiotis that there is a further
condition, an entry-exit condition, that lung-run equiitbn must satisfy for an efficient
outcome. To obtain the correct number of firms in the long iurs, essential that firms
pay not only the cost of the marginal damages of their emrmissibut also the total cost
arising from their emissions. Only if firms bear the totaltcoktheir emissions will the
prospective profitability of the enterprise reflect the tsoeial net benefit of entry and exit

into the industry.
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The second policy instrument is a market-based instrunmeatketable permits. Sug-
gested applications for the use of market approach aboutideireconomics literature,
especially in the fields of air and water pollution -see [5). a world of perfect knowl-
edge, marketable emission permits are, in principle, § ®djuivalent alternative to unit
taxes. With a system of marketable permits in place for alluion control for instance,
instead of setting the proper Pigouvian tax and obtainiegefficient quantity of pollution
as a result, the environmental authority could issue (eanypermits equal in the aggre-
gate to the efficient quantity of pollution and allow firms tid fior the permits. One can
show that the market-clearing price of the (emission) permill produce an outcome that
satisfies the first-order conditions both for efficiency inly@n abatement activities in
the short-run and for entry-exit decisions in the long ruhe Tegulator can, in short, set
either “price” (tax) or “quantity” (emission cap) and ackeethe desired result. This sym-
metry between the price and quantity approaches is, howerigcally dependent upon
the assumption of perfect knowledge. In a setting of immifdormation concerning the
marginal benefit and cost functions, the outcomes undemtbeapproaches can differ in

important ways.

In a seminal paper, [79] investigated this asymmetry betvpere and quantity instru-
ments and produced a theorem with extremely importantyaotiplications. The theorem
establishes the conditions under which the expected veeffain under a unit tax exceeds,
is equal to, or falls short of that under a system of marketpbltmits (quotas). In short, the
theorem states that in the presence of uncertainty comgetiné costs of pollution control,
the preferred policy instrument depends on the relativepstess of the marginal benefit
and cost curves. The intuition of Weitzman is straightfaveConsider, for example, the
case where the marginal benefits curve is quite steep butimahpntrol costs are fairly

constant over the relevant range. This could reflect some ddienvironmental threshold
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effect where, if pollutant concentrations rise only slighdaver some range, dire environ-
mental consequences follow. In such a setting, it is claarmportant that the environmental
authority have a close control over the quantity of emissidf) instead, a price instrument
were employed and the authority were to underestimate tieectvsts of pollution control,

emissions might exceed the critical range with a resultmgrenmental disaster. In such
a case, the Weitzman theorem tell us, quite sensibly, tieatdhulator should choose the
guantity instrument (because the marginal benefits curgeahgreat absolute slope than
the marginal cost curve). Suppose, next, that it is the matgibatement cost curve that is
steep and that the marginal benefits from pollution conti®lealatively constant over time.

The danger here is that because of imperfect informati@ggulatory agency might, for

example, select an overly stringent standard, thereby singdarge, excessive costs on
polluters and society. Under these circumstances, theceegbevelfare gain is larger under
the price instrument. Polluters will not get stuck with idrately high control costs, since
they always have the option of paying the unit tax on emissrather than reducing their
pollution further. The Weitzman theorem thus suggests tmglitions under which each

of these two policy instruments is to be preferred to theraithéhe presence of abatement
cost uncertainty. Not surprisingly, an even better exgbcigtcome can be obtained by

using price and quantity instruments in tandem, see [67].

After two decades, [74] showed that also benefit uncertairdsters. In particular, the
instrument-neutrality long identified with equal absolutdued slopes of marginal benefits
and marginal costs likewise disappears when there exisghdicant correlation between
them. Quite remarkably, Stavins’ results suggest thatahgentional identification - under
Weitzman policy instrument recommendations - of a price)(tastrument can in fact be
reversed, to favor instead a quantity (marketable) meagdimethe other hand, the results
also suggest that it is less likely that the conventionahiifieation of a quantity measure

as being more efficient to a price measure will be reversed.
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In sum, there is a basic sense in which systems of taxes aricttable emission per-
mits are equivalent: the environmental authority can, ingple, set a price (i.e. a tax) and
then adjust it until emissions are reduced sufficiently tuee the prescribed environmen-
tal standard. Alternatively, it can issue the requisite hanof permits directly and allow
the bidding of polluters to determine the market-clearinggy However, the basic equiv-
alence obscure some crucial differences between the twmagipes in a policy setting;
they are by no means equivalent policy instruments from tiespective of a regulatory
agency. A major advantage of the marketable permit apprisatiat it gives the environ-
mental authority direct control over the quantity of enoss. Under the tax approach, the
regulator must set a tax, ad if, for example, the tax turngmbe too low, the pollution will
exceed permissible levels. In sum, the regulatory agenghthiave to enact periodic (and
unpopular) increases in taxes. In contrast, a system ofetadrle permits automatically
accommodates itself to growth and inflation. Since therebmano change in the aggre-
gate quantity of emissions without some explicit actiontenpart of the agency, increased
demand will simply translate itself into a higher markegasing price for permits with no
effects on levels of pollution. On the other side, pollutars likely to prefer the permit

approach because it can involve lower levels of complianstsc

As a result, marketable permits have often been identifiextasnd-bestapproaches
to policy design. When we cannot assume the existence of agbgrcompetitive equi-
librium, market based measure can be seen as effectiveategulinstruments for the
achievement of predetermined environmental standard$4$and next section for further
discussions. The chief appeal of economic incentives aretiidatory device for achiev-

ing environmental standards is the large potential costiga that they promise. There

2The Theory of the Second Best concerns what happens wherr omere optimality conditions are not
satisfied in an economic model.
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is now an extensive body of empirical studies that estimiagecbst of achieving stan-
dards for environmental quality under existing command-eontrol regulatory programs.
These are typically programs under which the environmenttiority prescribes the treat-
ment procedures that are to be adopted by each source. Thesstompare costs under
command-and-control programs with those under a more ffestige system of economic
incentives. The results have been quite striking: theyceug that control costs under ex-
isting programs have often been several times the leastex@ds -see [77] for a survey on
cost studies. The source of these large cost savings is plaeitaof economic instruments
to take advantage of the large differentials abatemens@sbss polluters. In addition,
the information problems confronting regulators undentiwge traditional command-and-
control approaches are enormous and they lead regulatonste only very rough and
crude distinctions among sources. In a setting of perfdarnmation, such a problem
would, of course, disappear. But in the real world of imperfeformation, economic in-
struments have the important advantage to economize orettt for the environmental
agency to acquire information on the abatement costs o¥iohehl sources. This is just
another example of the more general principles concermiagapacity of markets to deal
efficiently with information problems. The estimated castiags in the studies mentioned
above result from a more cost effective allocation of abatgnefforts within the context
of existing control technologies. From a more dynamic pecpe, economic incentives
promise additional gains in terms of encouraging the d@mént of more effective and
less costly abatement techniques. As reported by [46] and negcently by [10], a market
for permits provides a greater incentive to R&D efforts in ttohtechnology than will a

regulation that specifies some given level of pollution.

3A U.S. Congressional Budget Office study in 2006 concludas ahstrategy combining both research
and development to cut GHG emissions and emission permifsaiticular carbon dioxide permits- would
prove more effective and better balanced economically, tme relying simply on new technologies.
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Largely for the reasons mentioned above, policy makersenudts. have found mar-
ketable permits preferable to taxes as a mechanism forgingveconomic incentives for
pollution control. The major program of this genre is the BEAnission Trading Program
for sulfur dioxide (S@). This market has been created under the 1990 Amendmerhis to t
Clean Air Act. It was designed to address the acid rain proligwcutting back annual sul-
fur emissions by 10 million tons. This market permitted etiéel power plans to meet their
emissions reduction quotas by whatever means they willydireg the purchase of extra
emissions reductions from other sources. The scheme signilfy increased the flexibility
with which sources can meet their pollution limitationsgddhis has been important for it
has allowed substantial cost savings -see [32] and [31]dtailgéd descriptions. In early
stage the great majority of the trades have been interna“oereal and active market
in emissions permits involving different firms has devekbpader the program only quite
recently. For an in deep econometric analysis of the B@rket see Chapter 3.

Conversely, in the past, the use of taxes was more prevaldatiiope where they
have been extensively employed in systems of water qualégagement -see [78] for
a comprehensive summary. However, taxes have typically e and have tended to
apply to average or expected pollution rather than to pewdclear cost signal at the
margin. Moreover, the charges were overlaid on an extersivanand-and-control system
of regulations that mute somewhat further their effectsasmemic incentives. Recently,
following the example of the Kyoto protocol, European pplinakers implemented the
largest and most important market for emission permits:Bhepean Emission Trading
Scheme (EU ETS). At its launch in 2005, the scheme coveredah=on dioxide (C©)
emissions from energy-intensive industry sectors in tea @6 member states, responsible

for nearly half of the EU’'s C@emissions. Today, the scheme includes 27 countries and

4This fact explains the large presence of zeros in the retme series of S@- see the discussion in
Chapter 3.
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claims 80 per cent of the value of the worlds’s markets forketable permits. The scheme
has so far worked as it was envisioned: a European-wide pricemission of CQwas
established, businesses began incorporating this pricgheir decision-making, and the

market infrastructure for a multi-national trading pragres now in place.

Since market-based instruments are extensively beingasadool for pollution con-
trol at a regional and international scale, there is an asirg) need to develop effective
dynamic models for the price of marketable permits. In factalid price model is an es-
sential component for any decision-making process, anddostructing optimal hedging
and purchasing strategies in a (carbon) constrained mafkethermore, firms trade per-
mits not exclusively for compliance purposes but some tdk@ speculative positions, as
reported by several analysts in early 2008. The last sestioreys the few model attempts

which exist in literature.

2.2 Marketable Permits Systems and Effectiveness

One of the first references to marketable permits can be foutig seminal works of [25]
and [27]. In these papers the pollution abatement problerrevsed within an economic,
cost-benefit framework in conjunction with the concept afgarty rights introduced in the
previous section. Based on such anidea, [60] provides antigdheoretical justification of
how marketable emission permits leads to the efficient atlon of abatement costs across
various "sources of pollution”. Necessary and sufficiemtdibons for market equilibrium
and efficiency are derived given the setting of multiple profaximizing firms who at-
tempt to minimize total compliance costs. Literature déstng those factors which can
adversely affect the performance of marketable permit®sysand not addressed directly

in Montgomery (1972) has followed. Among the most importave recall concentration
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in the permit market [38] and [55], concentration in the atitmarket [52], the preexist-
ing regulatory environment [8], the degree of monitoringl @mforcement [48], and the
presence of non-negligible transaction costs in the m§ri&t We briefly overview these

papers below.

The appeal of using marketable permits as a means of alhgcstarce resources stems
in large part from the assumption that a market for permillsapproximate the competitive
ideal. When the competition is not a foregone conclusiongtiestion arises as to how a
firm might manipulate the market to its own advantage. [38] tiacussed such issues as
market manipulation developing a one-period model wheesfiom has market power and
all transactions of emission permits take place at a singtep The author’s principal
finding is that the degree of inefficiency observed in the maik systematically related
to the distribution of permits. In other words, in the presepf market power, the initial
distribution of permits matters, with regard not only to gguonsiderations but also to
cost® This is to say, it is the demand of the firm with market powerchhiletermines
the equilibrium price of the emission permits. Building oe theory of cost-minimizing
manipulation and the literature on raising rivals’ cosi§][have discussed a different form
of market manipulation: exclusionary manipulation. Beeapsrmit prices are sensitive
to the purchases (or sales) of the firm with market power,usx@hary manipulation can
aggravate the inefficiencies which occur in both the mar&etpermits and the product
market®

Similarly, the efficiency of marketable permits system dejseon the competitiveness

STraditional models of marketable permits view problemsnitfal permit distribution as being strictly an
equity issue. The analysis of [60] is one such example wheres fare assumed to be all price takers. For the
case of one pollutant and one market, the author finds thatistrébution of permits will have no effect on
achieving the target in a cost-effective manner.

Anticipating discussions in the next section, in the dyrambdel presented in [19] permit prices are
sensitive to the strategic trading interactions of all mayand sellers in the market.
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of the output markets in which polluting firms compete. [58ftshown that the introduc-
tion of marketable permits increases aggregate “welfatie& output markets are compet-
itive. In contrast, in the presence of non-competitive atitparkets, a system of emission
permits may reduce social “welfareeven if the market f& ¢éimission permits is perfectly

competitive.

The strength and effectiveness of the incentives createdday-and-trade scheme will
depend in large part on the rules that regulators apply tmpéransactions. These rules
will determine how affected firms will be compensated foreisiments in emission per-
mits and whether ratepayers and shareholders will shaheibenefits of trading emission
permits. The influence of uncertainty regarding the regutgbolicy of public utility com-
missions in the U.S. market for S®ave been discussed by [8]. The authors develop and
analyze a model of individual utility decisions that focsisn the choice between pur-
chasing permits or investing in S@batement measures to comply with the law. The key
finding is that policy rules influence the relative cost ofdstments in emission permits
versus switching to low sulfur fuels (a medium-term abateimeeasure) or investments in
emission control equipment (typically long-term abatetmeaasures). Furthermore, such
rules may distort the incentives of utilities to adopt thasecost combination of emission

permits and other compliance strategies required to gatisfU.S. regulation.

The degree of monitoring and enforcement has also beencswfjseveral studies. In
[48], the author extends the previous research on markefayimits with noncompliant
firms. Keeler makes a specific comparison between commadha@@mtrol and marketable
permits systems when regulatory authorities are unablehi@ee full compliance. In par-
ticular, the author studies the sensitivity of the shapdefdenalty function faced by non-
compliant firms. His analysis indicates that under plaesg®#nalty functions marketable
permits may allow more pollution or higher fraction of regteéld firms out of compliance.

These results highlight the importance of implementaticthé success of pollution control
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strategies relying on marketable permits.

After [2], the presence of transaction costs in the marlatpérmits was a fact. Though
already [39] and [5], among several other authors, have cemga on the potential impor-
tance of transaction costs in the markets for emission perm3] has been the first to
include transaction costs into a formal model. Another sewf indirect evidence of the
prevalence of transaction costs in the U.S. market foy B€mits comes from the well
documented “internal trading” within firms, as opposed ttéenal trading” among firms.

It has been hypothesized that the crucial difference fagotihe internal trades and dis-
couraging the external trades is the existence of significansaction costs that arise once
trades are between one firm and another [38favins claims that transaction costs reduce
the volume of permits trading, regardless of the specifim&that the marginal control cost
functions and transaction cost functions take, as longesrginal control cost functions
are nondecreasirfg.Not surprisingly, equilibrium permit allocations are siius to ini-

tial distributions of permits. This result is fully conssit with the Coase Theorem, which
states that in the presence of transaction costs, the f@attci outcome from a process of
bilateral negotiation is variant with respect to the iniiasignment of property rights [21].
In sum, the presence of transaction costs reduce tradie¢slend the discretion of each

environmental agency which, as opposed to [60], “can[nisttibute licenses as it pleases.”

The attempt to find a specific initial permit allocation to mame some of the prob-
lems described so far, can actually result in a scheme tHabeifar more costly than
planned. This may argue for the economist’s favorite peathitcation mechanism: Auc-
tions. This approach, for instance, becomes even moret@tgan the presence of trans-

action costs. [24] have analyzed the distributional ingdlans of allocating C©emission

"This fact explains the large presence of zeros in the reton@ $eries of the SQas discussed in [64].
8A proof of this statement is found in [72]
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permits through auctions rather than through some forgrafdfathering® The authors
argue that auctioning is superior because it increaseseeiti by reducing existing tax
distortions; it also offers greater incentives for innavatand gives more flexibility in the
distribution of costs; finally, it reduces the need for podtly contentious arguments over
the allocation of rents. On this latter issue, [75] consdeiconstruction of an allocation
scheme in the presence of market power. These authors atg@pbthat auctions may not
be chosen due to vested interests bringing on a powerfuévnitavor of grandfathering.

Finally, [16, 17] has conducted an experimental analysiawwiion and rules design.

2.3 Modeling Marketable Permits

As obvious from previous section, literature focusing om ¢conomic and policy aspects
of marketable permits is extensive. However, an explicit fmmmal study of the dynamic

price of the emission permits is an almost unexplored areastMf the present research
relies on the key result that, in a competitive market withfgx information, the equilib-

rium price of the emission permits is equal to the marginatsof the cheapest pollution
abatement solution. This statement underpins the bebetthigh price level for emission
permits brings about the relevant companies with lower mat@batement costs in order
to exploit consequent price differences. Such companié® pifits by lowering the level

of pollution more than is necessary to comply with reguladiand subsequently sell their
unused permits relying on baking opporturtitylnstead of limiting intertemporal trading

to banking, [69] allows both borrowing and banking and edtetine work of [77] and [26]

9For a detailed discussion of initial allocation criteri@$&] and references therein. For a comprehensive
analysis of the social and economic impact of allocatioteda see [9] and [15].

10To generate permits, a firm may choose to pollute less tharcduhent standard and sell the “un-
used”permits to a different firm or deposit them in an “endedbank account’to be used later by the firm
or sold at a later time to another firm. The borrowing of pesnoitcurs when a firm pollutes more than its
current standard, but the cumulative deficit must be repgpithié end of the planning scheme.
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providing a more general treatment of permit trading in cardus time through the use
of optimal-control theory. In particular, the author exe the problem of minimizing the
cost of intertemporal emission control BY heterogeneous firms in the presence of emis-
sion permits that are tradable across firms and through timsuch a setting, firms may
directly abate emissions, and they may purchase, sell, Gadkborrow emission permits
in order to meet applicable standards or to take advantageyo$peculative opportunities
that may arise. The equilibrium permit price is shown to bastant in time and equal
to the marginal cost of pollution abatement when each firmb@ark and borrow permits.
Conversely, if the firm desires to borrow but this is not petaif the equilibrium permit
price is decreasing. A special case arises when the discatens nil. In this situation firms
have no incentive to undertake abatement measures unfiltilve. If pollution emission
rates becomes more strict through time, firms tend to save mobuy more permits in
the beginning time periods for later use. Higher discoutesdower the value of future
cost savings and decrease the incentive for firms to bankifserferhaps one of the most
important findings of Rubin is the ability of firms to shift themission stream through
time as a consequence of banking and borrowing. In particwleen social damages are
an increasing function of the level of pollution emitted ay @ne time and pollution stan-
dards are becoming stricter through time, banking is gagrovides cost saving to firms
by allowing them to adjust their own internal rates of enuasieduction to an externally
set regulations. However, when regulations are constaeasing, then allowing firms to

borrow will raise social damages while lowering firms’ costs

Though [69] provides a comprehensive treatment of inteptanad emission trading, its
analysis has been framed in a world of certainty where gfi@tateraction was not taken
into consideration. [70] has introduced uncertainty in Rigomodel (1996): this reduces
the expected permit price growth rate. This paper is onesofitkt that implicitly analyzes

the permit price in a stochastic, continuous-time and itditime horizon model. In line
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with previous research, in the model of Schennach a leveblififion abatement is chosen
such that the current marginal cost of abating equals theeiguemission permit price.
However, this is not true in practice as observed permit etgstices are typically far away

from their expected theoretical levels.

Recently, in an effort to bridge the gap between theory anereks market-price
behavior, an increasing number of empirical studies has be@stigating the historical
time series of the permit price. In [28] several differentfuiion and jump—diffusion
processes were fitted to the European,@@ures time series. [6] analyze the short-term
spot price behavior of COpermits employing a Markov—switching model to capture the
heteroskedastic behavior of the return time series. Irrasfitin Chapter 3 we advocate the
use of a new GARCH-type structure for the analysis of inheretgroskedastic dynamics

in the returns of SQin the U.S. and of C@emission permits in the EU ETS.

With a precise focus on the European emission market and attampt to develop
a valid dynamic price model, [71] and [34] elaborate a quatiie analysis of the CO
permits price founded on the pivotal results from environtaeeconomics literature. In
particular, [71] consider one representative agent whaddscwhether or not to spend
money on lowering emission levels. The model is based onghmal abatement decision
of an affected company, therefore it very much depends ototi#éd expected emissions.
With a distinction between long-term and short-term abat@measures, [34] concentrate
on the energy sector consideringaffected utilities which decide their abatement levels
by relying on the cheapest possible abatement option inhtbe-germ, i.e. so-called fuel-

switching!! Chapter 4 contributes to this increasing body of literatuneqaantitative

"t involves the replacement of high—carbon (sulfur) fueigwow—carbon (sulfur) alternatives. The most
common form of fuel switching in the U.S. is the replacemdritigh—sulfur coal with a low—sulfur coal. In
Europe, coal is typically replaced by natural gas.



20 CHAPTER 2. ENVIRONMENTAL ECONOMICS

environmental economics. This is a new strand of researathwbcuses on financial and
guantitative issues originating from solutions proposgeéiwironmental economists.

In common with Fehr and Hinz, we differentiate short-ternd éomg-term abatement
measures and by means of the dynamic optimization we deasl@ndogenous model for
the emission permit price dynamics. In particular, we asstimt companies are charac-
terized by exogenous pollution dynamics and they optiniiegr tcost functions by con-
tinuously adjusting their permit portfolio allocationscahy choosing the optimal permit
amount to purchase (in the shortage permit case) or to seh¢iexcess permit case). The
result is an equilibrium price for emission permits where phice is sensitive to the trad-
ing interaction of all buyers and sellers which found th&iategies on their own (different)

information sets.



Chapter 3

Econometric Analysis of the Marketable

Permits

"Lack of clarity. .. post-2012 is countering growth of markets such as the
EU ETS.. The market is truly at a crossroads as participants apprectae

complexity and risks of carbon trading”

-Andrew Ertel, chief executive of Evolution Markets (MayQ(B)

Title IV of the Clean Air Act Amendment (CAAA) in the U.S., andalfEmission Trad-
ing Scheme in Europe (EU ETS), creatdzlfactoproperty rights for pollution, referred to
asemission permit®r allowancesn the programs, that can be freely trade@he right
gives relevant subjectsomplete flexibility in determining how they will comply viittheir
obligations under the programs, see Chapter 2 for a compsefeeintroduction to the ba-

sic principles of environmental economics. Permits canrééed nationally in the case

1The original version of this chapter was co-written with Kl&aolella and is to appear dournal of
Banking & Financeunder the title “An Econometric Analysis of the Emissioriodance Prices” .

2Title IV in the U.S. affects mainly electric utilities and BET'S affects different sectors like iron, steel,
cement, glass and ceramics, pulp and paper producers aadelgy sector as well.

21
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of the U.S., and internationally under the EU ETS, with noessgty of prior approval.
The purchase and holding of permits is not restricted to trapanies affected by the
programs—which means that all sources, as well as thircegatich as brokers, are free to

buy and sell permits with any other patty.

Knowledge of the statistical distribution of the prices ddnketable permits, and their
forecastability, are crucial in constructing, among ottiengs, purchasing and risk man-
agement strategies in those markets recently affectedbieti environmental regulations.
Therefore, this chapter analyzes the two main markets fonipeedesigned for air-pollution
control and described in the introduction of Chapter 2: the @1@rket in Europe, and the
SO, market in the U.S. This chapter investigates a model forinigalith the unique styl-
ized facts of this type of data. Its effectiveness in termsnofiel fit and out-of-sample
value-at-risk forecasting, as compared to models commasdy in risk-forecasting con-

texts, is demonstrated.

Along with the working papers of [28] and [6], this paper po®s one of the first
econometric investigations of the behavior of the new eimispermits. Our approach is
completely different than that used in both the aforemewmiibpapers. [28] use a jump—
diffusion model to approximate the random behavior of the €Qission spot price, while
[6] analyze the short-term spot price behavior of C€nission permits and employ a
Markov—switching model to capture the heteroskedasti@bieh of the return series. In
contrast, we build upon a recently developed GARCH-type siracparticularly suited
to the stylized facts of the data. Our approach differs alsmfthose alternative pricing

models driven by economic considerations. According te $itiand of literature, energy

3As mentioned in a footnote in Chapter 2, the option of fulhsirability of emission permits leads to
the relevant question of which type aflentact in the emission market with respect to the differentnires
and aims. We leave this question for future research.
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prices and climatic conditions are the most important dsive the emission permits (see
for instance [20], [13], and [23] among others). Though theieical findings of these
models differ notably due to diverging input variables aiftecent modeling approaches,
the common result is a loose identification of what are theofaand with which intensity
they affect the price of the emission permits.

The remainder of the chapter proceeds as follows: Sectidres?l 3.2 provide the em-
pirical analysis of the SQand CQ returns, respectively. Section 3.3 provides concluding

remarks and ideas for future research.

3.1 An Econometric Approach for Analyzing the SGQ Data

We consider a time-series model applied to the return series 100(lnp, — Inp,_1),
generated by the price sequengeThis section discusses in detail the analysis on the SO
spot price data set, using the 1,780 returns from Januar99B fio May 16, 2006. The
spot closing prices SChave been collected by the Chicago Climate Exchange on the OTC

market.

3.1a llliquidity

The emission permits market is nonstandard due to the faictite traded asset is itself a so-
callednonstandard commodityElectric power companies, for example, do not physically
need the emission-right to produce and, therefore, to @lin most cases it is feasible to
delay action and wait for new information before purchagagnmits. This also applies the
other way around: A firm that holds more permits than it expecheed may still hold onto
the surplus because they have some option value, givent timatyi be costly to get them

back once they are sold. Siliquidity arises endogenously from the fact that firms can
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emit without having permits and thus fear that they may faneagket squeeze at the end
of the year. The relevance of the (incomplete) informafion+ in the market for permits
and the impact of the strategic interaction of relevant cammgs is subject of research in
Chapter 4 for the specific case of the O@arket.

Historically, markets for permits have never been compldiguid. However, volume
and liquidity on the emission permit markets have increasext time, particularly from
the end of 2005. Nevertheless, the data set exhibits avelatarge (29%) number of
zero returns, due in part because of the relatively smallbmimof agents interacting on
the market. This is a common finding of exchange-traded ssgath, on a daily scale,
possesses a low floating capital and an even lower tradedneoldFor example, SQOis
a regional problem in the U.S., where covered utilitiesudel only a few hundred large
energy producers (a few thousand facilities). As antieigan Chapter 2, another plausible
explanation is that within-firm trading at the same pricelddoe taking place. For example,
AES, the largest electricity producer in the U.S., has noueffacilities covered by the
CAAA Title IV, and it is not unreasonable to assume that eroisgiermits are financially

transferred from one balance sheet to another, at marketipri

3.1b Basic Analysis

Below we will present a statistical analysis of the returmapkasizing the interplay be-
tween the standard features of the data (fat tails and irplatiustering) and the less-
standard fact that the data exhibit a much greater percewtfazero-returns than the more

commonly analyzed financial markets.

4At the time of writing, data to confirm this are not availatdthough from the USEPA website, the intra-
company transaction volume is available, thus confirmirigast that within-firm trading does take place on
a large scale. A similar argument is described in [29]. Femtiore, as discussed in Chapter 2, within-firm
trading reduced transaction costs.
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The top panel in Figure 3.1 plots the return data, from whiehckearly see the pres-
ence of volatility clustering. The sample autocorrelationction (SACF) for the returns
is typical in the sense that very little correlation struetis present in the data, and is not
shown. Unsurprisingly, there is much stronger correlaiiwolving the absolute returns.
The bottom panel of Figure 3.1 shows the SACF of the absoltiteng but having first
stripped the data set of the zeros: By removing the zeros.etrealed correlation struc-
ture is stronger, though the SACF with the zeros still in pliscgimilar - graph available
from the author. Thus, other than the larger-than-usual®urof zeros, the returns exhibit
the usual stylized facts of asset returns, including a v@nygredictive component for the
mean, strong volatility clustering, and tails which areftdter than the normal.

To emphasize the tail behavior, Figure 3.2 shows a kernalityegstimate of the returns
data, but having removed the zeros (explaining the smaihdipe curve near zero), which
does not affect the tail of the distribution, but would othise jeopardize the quality of
a fitted distribution. The kernel density of the data with #eeos looks similar, but with
a higher peak near zero. Fitting a normal or stable disidbeito the returns, including
the zeros, leads to a very misleading fit in the tails. A migtaf normals could be fit to
such data, and this is done in the more general context ofothaittonally heteroskedastic
model below. We see that the nonzero returns are virtualtynsgtric, obviating the need
for distributions which support asymmetry. The graph alsons an overlaid normal with
matching mean and variance, and a location-scale symnstainte distribution (fit via
maximum likelihood). While the normal fit is disastrous, thalde distribution fits the
data rather well, with estimated tail index (and estimataddard erroryy = 1.453 (0.045),
location termp, = 0.092 (0.047) and scale term= 0.980 (0.037).

In light of the excess number of zeros, a conditional timéesenodel for the returns

5See [66], Paolella (2007, Ch. 8) and the references theoeithé history, the theoretical and practical
value, and computational issues of using the stable Pariséribution in financial modelling.
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Figure 3.1: Daily SQreturns (top), and the SACF of the
zeros-removed absolute returns (bottom).

would have to account for any dependency structure in theroceece of zeros. To test this,
we use the standard runs—test, reducing the data to a seqokneros (zero return) and
ones (nonzero return), and using the asymptotic normalitiietest statistic. Inspection
of the return series shows that relatively more zeros octthe first third of the data set
(from January, 1999 up to March, 2002) than later, so thatrdins—test applied to the
whole series leads to blatant rejection of the null hypathé® account for this, we could
test just, say, the last two thirds of the data, but more métdive is to perform the test on
the return series starting from tkéh return to the end of the series= 1,...,7 — 50,

whereT" = 1, 780 is the total number of returns. Figure 3.3 plots the resgjtivalues, and
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Figure 3.2: Kernel density (solid) of the S@eturn series, with the
best-fitting normal density (dashed) and best-fitting
symmetric stable density (dash-dot). Right panel is just the
magnified view of the right tail.

shows that, for the latter half of the data set, the null higpsis of no correlation structure
in the occurrence of zeros cannot be rejected. This fact poitant for the conditional

model employed below; if the assumption of randomness okénes were not tenable,
then a more complicated model involving Markov-switchitigustures would have been

necessary.

3.1c Stable-GARCH Model

Perhaps the most common effective conditional model usdxbin academic and finan-
cial institutions contexts for the analysis of asset resutata is a variant of the power-
GARCH(r, s) model given by

T = L + 024, O'zi = 90 + 291 ’Tt—i — /Ltfi‘d + Z ¢j0'tdfj, d> 0. (31)
=1

j=1
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Figure 3.3: Thep-values from the runs—test performed on segments of
the SQ return series. The first segment is the returns in the
whole series, the second is from the second return to the
end, etc., up to thél" — 50)th observation to the end.

In the ubiquitous- = s = 1 case, we requiré, > 0, 6; > 0, ¢; > 0. Here,z K Iz (%)
with f; a zero-location, unit-scale continuous probability dgn&inction (pdf). In the
standard GARCH mode}; is the Gaussian density add= 2; thet-GARCH takesf, to
be the Student’s pdf andd = 2; the stable-GARCH model, denotéd ;-GARCH, takes
fz to be theS,, 5 density andl = 1; see [58] for detail$.

The stable-GARCH model possesses two important advantagesse of thé-GARCH.
Firstly, the S, 3-GARCH in-sample fit and out-of-sample Value-at-Risk (VaR) éaigting
ability are generally superior ttGARCH [57]. Secondly, the use of stable Paretian in-
novations is theoretically more appealing because of igdiom to the generalized central
limit theorem (GCLT) and which, via the stability propertytb€ distribution, can be tested

and confirmed to be applicable in some financial asset rearr@ss[61].

%In generald can be estimated. For the stable-GARCH model, we requitel < «. In practiceqx > 1
and, for numerous financial return series, the out-of-sarfgoecasting ability is barely affected by the choice
ofd e [1, ).
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For the SQ data, because of the aforementioned issue with a prepormecd zeros
in the return series, the data generating process (DGP)}t isomsistent with any typical
distributional assumption (such as Students stable Paretian), in either the unconditional
or conditional (GARCH) case (though a mixture model suggesedfj and is the method
used below). Because fatter-than-normal tails of a unimddsdtibution imply a more
peaked center, the excess amount of zeros will have thet effezausing the tail index
(the thickness of the tail) to be biased downwards (thickbos overestimating the risk of

extreme tail events.

To illustrate, we estimate th&, ;-GARCH model for the S@return series. The esti-
mated asymmetry term j$ = —0.003, which is practically and statistically insignificant.
Note that the resulting estimate of the tail indegertains to the stable Paretian innovations
of the GARCH process describing the returns, i.e., the GARCH#&ffevhich also give
rise to the fat-tails of the returns) are taken into accosmthat the resulting index will be
greater (i.e., correspond to thinner tails) than the unitimmél counterpart. The resulting
estimate of the tail index (and approximate standard ee@j = 1.0278 (0.015), sug-
gesting the plausibility of Cauchyy(= 1) innovations, which do not even possess a finite
mean and is therefore not a tenable assumption. If we nuatlgriestricta to be above
1.3, we obtaimy = 1.498 (0.018), showing that a local maximum of the likelihood does
exist in a “plausible” region of the sample space. This oshecause the innovations in
the conditional model are not stable Paretian (there arentmoy zeros, yielding the near-
Cauchy fit), but the tails are thinner than Cauchy, which reduh the trade-off value for
& of about 1.5.

If, for illustrative purposes, we strip all the zeros fronetreturn series and then fit
the S, o-GARCH model, we obtaid = 1.640 (0.022). This value is in agreement with
the range of estimated tail indexes of numerous other fiahdata sets and is a far better

reflection of the true thickness of the (conditional) tailowever, given the ad-hoc nature
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of the removal of zeros, this is still an unsatisfying apgtoor building a realistic model
of the return series. Similar results are obtained whemusiet-GARCH model.

In fact, the abundance of zeros also precludes effectivefusther GARCH-type mod-
els which otherwise tend to perform excellent in terms of Wafecasting. In particular,
one might think that the GARCH-EVT model, which focuses on éstimation of the
residuals of GARCH-filtered returns via methods of extremeedheory, would be par-
ticularly suited for VaR prediction of the SQ@lata, given its unique behavior in the center
(but not the tails) of the distribution. The problem, howeve that the choice of innova-
tions assumption used with the GARCH filter in the first step e @ARCH-EVT model is
decisive for its forecasting performance, as detailed @}.[5hus, the same problem arises
as with the use of conventional fat-tailed-GARCH models. &inmfindings apply to the
use of the—otherwise highly effective—method of filterestdvical simulation (FHS). More
encouragingly, Kuester et al. (2005) show that the mixeatrad GARCH model (which is
our proposed solution to the zeros problem) delivers higbiypetitive VaR forecasts on
par with the quality of GARCH-EVT and FHS.

3.1d Mixed Normal GARCH: Model and Numerical Issues

As discussed above, the problem with GARCH formulation (3i}te data under study is
the excess number of zero-returns, which precludes useeafdhal array of distributions
useful in this context, such as Student'sskewedt extensions, hyperbolic, ansl, 5, to
name a few.

One candidate distribution which is perfectly suited foptcaing this phenomenon is
to use a mixture-model, taking; to be a weighted sum of two or more pdfs. It might
seem natural to have one component be degenerate at zertheaather(s) continuous,

but it suffices, and is operationally easier to implementhtoose all components ¢f; to
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be continuous pdfs, in this case, each Gaussian, with thefiespossessing a very small

variance and a mean at zero (more on this below).

A further advantage of the mixture model is that it lendslitsleeconomic interpreta-
tion. For example, [51] attribute volatility clusteringdithe emergence of fat-tailed returns
mainly to agents’ switching between fundamentalist andt®tastrategies. A mixture of
two or more normals could arise from different groups of estavith one group acting,
for example, more volatile than the others, or, possiblgcpssing market information dif-
ferently. This idea is related to recent research with expantal data by [49], who show
that heterogeneous fundamental information is a majoicedor the emergence of fat tails
and volatility clusteringd. This could apply to the SOmarket: With the approaching of the
more stringent Phase Il in Title IV and with the $@&mission level taking shape for the
different utilities, companies obtained a better indizatof their Phase | net positions and
some appeared to refrain from speculation covering theirt gfositions on a forward basis

and saving the remaining permits.

A GARCH-type model with mixed normal innovations, denoted NHS6ARCH, has
already been proposed and studied independently by [37]HndThe model was not
designed with the zeros-problem in mind, but rather magigtdtty the aforementioned eco-
nomic interpretation of different groups of market papgamts, and the fact that the mixture
of normals distribution is extremely flexible, fat-taileddaasymmetric, thus easily able to
capture the distributional regularities of financial residata. A third benefit of the model
is that it automatically induces time-varying skewnesslamtbosis, which have been advo-
cated in this context by [41], [42], [68], and [11]. Finaland of great practical importance,
[37] and [50] have demonstrated that the model deliversihigbmpetitive out-of-sample

’Similar results are also obtained in the equilibrium modsladoped in Chapter 4, where large drops in
the simulated equilibrium price are a result of the presaidacomplete information among the relevant
market players.
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VaR forecasts.

We say time serieée, } is generated by an—component MixN-GARCHY; s) process

if the conditional distribution o¢, is ann—component mixed normal with zero mean, i.e.,

e | Fii ~ MN (w, p, 07) (3.2)
where the mixed normal pdf i8]"_, w;é(z; 115, 03), ¢ is the normal pdfw = (wy, ..., wy)’
is the set of component weights such thate (0, 1) and} "7 w; =1, pp = (p1, .. -, ptn)’
is the set of component means, such that, to ensjgtp £ 0, p1, = —> 7 = (w]/wn) i
ando” = (02,,...,02,) € R’ are the positive component variances at time

In order to model the dynamics in the second (and higher) msnef the returns,

(2)

then x 1 component variances,” are allowed to evolve according to the GARCH-like

structure

(2) _70+Z’716t 1+Z\Il a't ]’ (33)

wherevy; = (vi1,%i2,---»%in), @ = 0,...,7, aren x 1 vectors, and;, j = 1,...,s,
aren x n matrices with typical entry);,, = [¥;],(which we write as),, when, as

in most applicationss = 1). We restrict¥; to be diagonal, which, as discussed in [37],
yields a much more parsimonious model with little loss indyoess-of-fit. In this case, and
with » = s = 1, the parameter constrainig; > 0, v; > 0, andyy; > 0,7 = 1,...,n,
are necessary and sufficient to ensure the nonnegativityeovdriance terms. With one
component#{ = 1), the model reduces to the standard GARCH model. With two oemor
components, the model is able to capture the asymmetry astlghthe excess kurtosis
common in normal-GARCH residuals. Moreover, with> 2, the structure of (3.3) also
gives rise to rich conditional dynamics in the 2nd, 3rd arldmbments which cannot be

modeled by the classic GARCH model of the form (3.1) with anyritistional assumption,
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but do appear in real financial returns data [37].

It has been found that the component of the mixture assigmétetmost volatile ob-
servations often consists of randomly and infrequentlyuodeg jumps in the volatility, so
that a GARCH structure is not required. We denote by Mixy) the model given by (3.2)
and (3.3), withn component densities, but such that og)y < ¢ < n, follow a GARCH
process (and — g components restricted to be constant). In the context dbMereturns,
the component which picks up the zeros will also not requi@ARCH component, so
that we only entertain models of the form MixMN g), 1 < g < n, forn > 2, and, for

comparison purposes, the MixN 1), which is just the standard GARCH model.

In line with the vast majority of studies involving the stand GARCH model and those
involving the MixXN-GARCHY(, s), the choicer = s = 1 has been found to be adequate
for the SQ returns, and we subsequently suppress referencauals. As is common in
GARCH applications, the AR(1) structure= ay + a17;_1 + € is included in the model to
pick up the extremely mild autocorrelation structure inttean. Thus, all future reference
to a MixN(n, g) model implies an AR(1)-MixN-GARCH(1,1) structure with diagdn,
matrix. So, for example, in the Mix(8, 2) case (which, anticipating our results below, is

the preferred model), (3.3) takes the form

ot Yo1 Y11 Y1 00 Uit_l
o3 | = |+ | me|Gat]| 0 ww 0|02 | (B4
o3 Yo3 0 0 0 0 ag’t_l

In this case, there are 13 parameters to estimate, notihgtendws are constrained, as

discussed above, angs; and33 are held at zero.

In general, the number of components, needs to be determined empirically. As

discussed in [37], standard model likelihood-based seledalriteria can be successfully
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employed to compare models with different numbers of coreptsr For a model with
K parameters]’ observations and log-likelihoof, evaluated at the maximum likelihood
estimator, we reportthe AIE —2L+2K and BIC= —2L+ K log T'; see [14] for original

references and a detailed textbook presentation of thefubese measures.

The likelihood of the general ARJ-MixN-GARCH(r, s) model is straightforward to
program and evaluate, and its numeric maximization hasgortw be unproblematic using
standard quasi-Newton-type optimization routines (adempented in Matlab). One non-
standard issue which arises in the context of the data intady snvolves the point masses
at zero, which are picked up as one of theomponents in the Mixk:, g) model. Because
these form a degenerate distribution, one variance conmpom&melyyy; in (3.4), is zero,
and the likelihood is not defined. One way around this is toygeaind 3 to zero andus
(the weight of this component) to the percentage of zerodrdata set. This turns out to
be problematic because the other normal components (whécti@se to centered around
zero) have a “gap” at zero, which (given the discrete natfithe returns data) renders
the normal distribution inappropriate. Instead, we prepwsreplace the zero returns with
realizations of i.i.d. normally distributed random vatedwith mean zero and standard de-
viation o, whereo;, is chosen to be a small number relative to the unconditioaaamce

of the returns.

At first blush, this appears to be an uncomfortable solutimtause adding random
noise to the data implies both a loss of “objectivity” as wadlnon-reproducibility of our
estimation results. With respect to the first issue of objigtwe note the relationship be-
tween this approach and that of [40], which is a quasi-Bayesmproach to estimating the
(unconditional) mixed normal distribution involving (&raically) adding observations
to the data which reflect prior information and then maximigza quasi-likelihood. His

method not only results in greater numeric stability ofrestion, but also (with a nonzero
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and very small amount of prior information) leads to bettea-sample estimation perfor-
mance than pure maximum likelihood. In our model contextolygerve the same results
in terms of improved reliability of the numerical maximiiat of the likelihood and, as

verified by simulations, more accurate parameter estimdtesthe second issue of non-
reproducibility, we remark that the parameter estimatesnat sensitive (with respect to
their approximate standard errors) to a rangeofalues from 0.01 to 0.2. In what follows,

we use this method with;, = 0.1.

3.1le Mixed Normal GARCH: Estimation Results and Diagnostics

Table 3.1 reports the likelihood-based goodness-of-fitsmess for the various Mix\, g)
fitted models, as well as theGARCH. As expected, the worst performer is MixN(1,1), the
standard (one-component) normal-GARCH model. Much betger the standard GARCH
is the t-GARCH model, although because of the zero-returns issueisied above, it
performs, as expected, disastrously compared to the mixtadels which, by design, can

pick up the zeros.

To help confirm that there is no structure in the pattern obgénroughout the return
series, we also estimated the MixN(2,2) model. Observeithékelihood is virtually the
same as the MixN(2,1), showing that there is no GARCH dynamicgrcomponent which
picks up the zero-returns. From the table, we see that thevimedel according to both the
AIC and BIC is the MixN(3,2). With respect to the AIC, the MixN®3 and MixN(4,3)

models are close, while the BIC strongly favors the MixN(3Je subsequently restrict
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Model K L AIC BIC

t-GARCH 6 —2068.6 5949.3 5982.16
MixN(1,1) 5 —4072.0 8134.0 8181.42
MixN(2,1) 8 —2919.6 5855.2 5899.07
MixN(2,2) 10 —2919.3 5858.6 5913.44
MixN(3,1) 11 -—2873.8 5769.6 5829.93
MixN(3,2) 13 —2835.7 5697.4 5768.70
MixN(4,2) 16 —2834.5 5701.0 5781.75
MixN(4,3) 18 -2831.6 5699.2 5797.92

Table 3.1: Likelihood-based goodness-of-fit for the,$€urn series.
The best values for each criteria are marked in boldface.

attention to the MixN(3,2). The estimated volatility eqoat(3.4) for the MixN(3,2) i§

o2, 0.621 0.427 0846 0 0 0%y
o3 | = 0121 [ +]0212 | +] 0 0649 0] |02, |, (35
o2, 0.013 0 0 0 0 03,4

with the remaining parameters in (3.2) givendy= 0.165, w, = 0.595 (implying w; =
0.239), i1 = —0.001, 12 = 0.001 (implying /i3 = —0.045). Observe that the weight of the
component associated with the zero-returns (the third commt) isv; = 23.9%, which is,
as expected, somewhat less than the unconditional (maa) éstimate of the percentage
of zeros (29%) in the data set, because the other two comfmaennormal distributions
with modes near zero, and thus account for some of the zé&nmee

As shown in Haas et al. (2004, Section 2.2), a measure ofilylqtersistence of the

MixN-GARCH(1,1) model is the largest eigenvalue®f + ~,w’, which indeed reduces

8parameter estimates and standard errors for the MixN@®@ikN(3,1) and MixN(3,2) models are tabu-
lated in a working version of this chapter - available upajuest.
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for n = 1 component to the well-known persistence measuré, of ¢, in the normal-
GARCH(1,1) model with notation in (3.1). For our fitted MixNg3,model, this measure
is 0.964, which, being less than unity, implies the model is covar@stationary. Looking
separately at the two components driving the nonzero oasens, we see that the first
component, which accounts for an estimated 16.5/(16.5}521.7% of the volatility of
the nonzero returns, has a persistence parametey ef@Eu = 1.273. Thus, this GARCH
component accounts for the extreme observations in thelsaanp, taken alone, is not
covariance stationary. However, the fitted weight is sudfily small so that the overall
model is stationary. The second component has a persispemameter of/;, + 9y =
0.861, which is clearly picking up the milder movements in the retu Typically, an
estimated univariate GARCH model has a persistence parafietep, very close to one
(or equal to one; the so-called integrated, or IGARCH moddigneas the MixN-GARCH
model can disentangle the volatility components into “riehd “wild” ones, but still

yielding an overall stationary process.

To help confirm that the fitted MixN(3,2) model successfuliflects the distributional
properties of the SQOreturn series, Figure 3.4 shows a QQ-plot of the actual dadaaa
(same length) simulated time series generated from thd fitiedel. The graph is typical
of numerous generated ones, and shows that the entirédodigin, most notably the tails,

is well-captured by the proposed model.

Besides demonstrating that the MixN(3,2) model is a plaasagproximation to the
true (and undoubtedly far more complicated) DGP, the een€lit in the tails shown in
the QQ-plot has obvious implications for calculations @krmeasures such as VaR. To
substantiate this latter claim, we conduct the followingroflisample forecasting exercise.
Starting with the first 500 observations, we estimate theN\{iB{2) model and calculate the
forecasted distribution functioﬁ501|500, and evaluate it at the observed retugp,. This

is repeated for moving windows of length 500 until the endhef $ample, with parameter
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Figure 3.4: QQ-plot of a simulated time series versus themeteries
for the SQ price index.

re-estimation done every 20 steps. The resulting valuasdtelthe quality of the one-

step-ahead predicted VaR. In particular, if the model is eateiythenl % of the 1,280 tail

values should be less than 0.01. For the MixN(3,2) model, bitain 0.94%, which is

indeed extremely close to the nominal value of 1%.

To compare, we repeat the same exercise witht48ARCH model. We argued above

that, because of the zeros-problem, this model is highl\speisified and will not be ex-

pected to perform well. In this case, th6 ARCH model gave an average of 1.17% viola-

tions. The MixN(3,2) value is preferable both in terms offgecloser to the nominal value

of 1%, as well as being less than the target value insteadavieah as underprediction of

risk can be costlier than overprediction. Neverthelessytiue of 1.17 is still reasonably
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accurate; it is certainly not as bad as one might have exgpéicien a demonstrably mis-
specified model, and this begs explanation. Figure 3.5 shdves is going on. The plot
shows, for each of the two models, a graphical depiction @tviations from their nom-
inal values ofall the empirical VaR values from under 1% to 10%. Thus, an idezdeh
would yield a straight line at zero, and in the plot, the abmsults for the 1% nominal
VaR value are shown at the vertical dashed line.

We see that, indeed, thteGARCH model performs well at and below the 1% nominal
VaR value, but worsens in a steep linear fashion as the nérahge increases, indicating
that the model fit is poor. This is not the case for the MixNY33@del, which is consistently
accurate throughout the whole tail. Essentially, tHéARCH model “got lucky” at 1%
(which, perhaps conveniently, is among the most widelydugdues), similar to many
studies which have shown that the standard GARCH model happ@esform reasonably
well at the 5% value. These VaR forecast results are consigfieh the in-sample fits of
thet-GARCH and MixN(3,2) models, as shown in Table 3.1.

In addition to an excellent in-sample fit, the mixture modhethis context allows for a
potential interpretation of the components. Clearly, theltbomponent is used to pick up
the zeros and embed them adequately in a stochastic prddessemaining two GARCH
mixture components can be viewed as capturing the resuheotwo major groups of
market participants: affected units who buy and sell pexrtragised primarily on their current
and forecasted needs (i.e., the permits are viewed as & tdgiaduction), and speculative
traders or simply non—affected agents (i.e., banks andiment fundsy. Of course, these
two groups could possibly interact. Observe that the géngred normal GARCH model
(3.2) and (3.3) allows for a type of dynamic interaction bedw the components, though

for the SQ data set, the diagonal model was statistically superidnedull model.

9Using a parallelism with Chapter 4, the two major groups meyitms which expect the market being
in extreme shortage, and those which expect precisely thesite,i.e. extreme excess of emission permits.
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Figure 3.5: Deviation probability plot; solid is ferGARCH, dashed is
for MixN(3,2). Plotted values are
“Deviation” := 100(Fy — F) (vertical axis) versus00F
(horizontal axis), wheré; is the cdf of a uniform random
variable;F refers to the empirical cdf formed from
evaluating the 1,280 one—step, out—of-sample distributio
forecasts at the true, observed, next-day return.

3.2 Analysis of CO Returns

For the CQ price series, we have only 454 daily returns; these aregualott Figure 3.6.

The larger presence of covered companies under the EU EfiSdtes into a higher daily
traded emission volume and therefore into a much lower poesef zeros in the return
time series (only 8). Without the zeros-problem, all cortral GARCH models can,
in theory, be entertained, though the small sample sizetafédy prohibits use of the
more elaborate models. In this study, we consider an AR(1RGH(1,1) model with the

following innovation distributions: Studentis symmetric and asymmetric stable, and the
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generalized asymmetriadistribution. The latter, abbreviated GAt, has pdf

()
<1 + ﬂ) Cif <0,

v

foat (z;d,v,0) = K x N ()
<1+(Z/9)) . ifz>0,

(3.6)

v

for d,v,0 € R.,. Expressions for the integrating constdnt the cdf, moments, and the

expected shortfall are given in Paolella (2007, p. 273).
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Figure 3.6: Daily CQ returns

The in-sample fits are summarized in Table 3.2. The bestfittindel for all criteria is
the GAt-GARCH.

We conduct a model comparison for assessing the forecagpimgy of the models by
repeating the exercise done for the.Sfata. This resulted in Figure 3.7, which is similar
to Figure 3.5 but corresponds to the C@turns and is based on moving window of size
250 (and yielding 204 cdf values).
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Model K L AlIC BIC
normal-GARCH 5 —-1260.8 2531.6 2552.2
t-GARCH 6 —1192.5 2397.1 2421.8

GAL-GARCH 8 -1181.9 2379.9 24128
S.0-GARCH 6 —1218.2 24485 2473.2
S.5-GARCH 7 —1192.0 2398.1 2426.9
MixN(3,2) 13 —1190.1 2406.2 2459.7

Table 3.2: Likelihood-based goodness-of-fit for the,G€turn series.
The best values for each criteria are marked in boldface.
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Figure 3.7: Deviation probability plot for CQOeturns based on moving
window of size 250; see caption in Figure 3.5 for
description. Solid is fot-GARCH, dashed is MixN(3,2),
dash-dot is GAt-GARCH, and dotted is GAt-GARCH using
a weighted likelihood.

To avoid an overly cluttered graph, the figure just shows thie Y¥orecasting results for
thet-GARCH, MixN(3,2), GAt-GARCH, and GAt-GARCH using a weighted liikeod,
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the latter to be discussed below. The plots for the-GARCH andsS,, s-GARCH (not
shown) lie mostly betweenhand GAt-GARCH, with the latter having performed overall
slightly better thanS, s;-GARCH. This agrees with the in-sample results reported above
We see that, of all the models so far discussed, all perfoemomably well near thé%
level, but none performs adequately for other tail valueseking our confidence in their
realistic applicability in practice. In this case, the Mi@\R) performs worse than the stable
and GAt models, but still on par with theGARCH. Similar results hold for MixN(2,2)
and MixN(3,3) models.

The GAt-GARCH model has been found by other authors such as[f#Jand [50] to
deliver competitive VaR predictions. In our case, it paried overall best for the CQlata
set, though still not adequately, and finding a better modeirs necessary. One might
argue that the short window size of 250, which corresponglsstaone year of trading-day
data, is too short for reliably estimating and forecastimg@ARCH-type model. However,
in their large study using NASDAQ index returns data, [50pwh that this need not be
the case and VaR forecasts based on 250 observations caghie &ccurate, and even
outperform those based on windows of length 500 and 1000ug\s, $ is not necessarily
the short window size, but rather that all the models we &aitexd are highly misspecified.
To remedy this, one could try a full battery of GARCH and relateetiels and choose the
best-performing one, though such a data-snooping exentgsenot be successful, and
even if it is, it could lead to a model choice which is “too tred” to the current, very
small, dataset and perform poorly in the future. To avoid goblem, we attempt to
directly address the reason why the models do not perfor mahely, that the true data
generating process (DGP) is changing too quickly over tifftee CQ emissions market
is rather new, and it is expected to be evolving, as do all gmgmarkets. Indeed, the
particular dependencies of this market on political andile&gry uncertainties amplify the

effects of news arrivals, such as the announcements in M2y tb@at the market was overall
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in emission excess. As such, it seems plausible that the DibBxperience significant
changes in the short tertfi.

To deal with an unknown and changing DGP, we suggest choadiragtable paramet-
ric structure which reasonably captures the salient featof the DGP and estimating it
with more weight given to recent observations. Observe thdte DGP were a GARCH
model with parameters which vary smoothly over time in annawn fashion, then this
method acts as a way of balancing the tradeoff between usilygvery recent observa-
tions (and inducing a high variance in the estimates) anmtual the data equally weighted
(and thus delivering highly biased estimates). To negotiais tradeoff optimally, we use
the criteria of one-step VaR prediction with a geometricgiting scheme with weights
7, < p' ~t (and then scaled to sum to one), where the single parameietates the shape
of the weighting function. Values g@fwith 0 < p < 1 cause more recent observations to be
given relatively more weight than values further in the past 1 corresponds to standard
ML estimation. Each value in a large grid pfvalues is used in the forecasting exercise
and the one which delivers the best forecasts is used. Thghtireg scheme was shown in
[56] to be effective in a financial returns density prediotantext. It is interesting to note
that the idea of weighting recent events more heavily is eltdbé by the decision weight
function in Prospect Theory; see, e.g., [43].

Another source of inaccuracy in the prediction of downsidk is likely to stem from
asymmetries in the data which are not adequately capturtételishosen model, even when
the model allows for both an asymmetric response to shockteiGARCH equation and
a flexible asymmetric innovations distributional assumptiindeed, if instead of accurate
forecasting of the entire density, interest is restrictepist VaR, then it would seem wise

to place more weight on the negative observations in the Eaniis is demonstrated in

10To overcome the loose results of the econometric model for, @@ develop an equilibrium model for
the price of the emission permits in Chapter 4.
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[63], who investigate numerous schemes of placing more &g negative returns. By
combining the two weighting schemes, they show, using @&tadf financial returns data
sets and asymmetric GARCH models, that considerable imprentim forecast accuracy
can be obtained which exceeds use of only one (or none) of #ighting schemes. In
this paper, we use the following weighting scheme for plgcnore weight on the negative

returns: first construet, = 1 + r;/ max,(—r;), and, fory > 0, let

oy — (1 — Feet(ms;p,q)) + 1, if 7 <0,
1, otherwise
where Fgeta IS the cumulative distribution function of a beta randomiatalle with para-
metersp andq. The choice ofy determines how much weight is assigned to negative
returns, with a value of zero yielding the default case ofatgeights. In the final step the
weights are standardized so that the sum of all weights {ivegand positive) equals one,

Zle wy = 1. The appropriate value ofis determined in the same fashion as parameter

in the time-weighting scheme.

The two weighting methods are easily combined by multiggtime two weight vectors
elementwise, and then scaling so it sums to one. For a mdtgaics of (p,w) values,
the forecasting exercise is conducted and that pair whiellyithe smallest VaR forecast
deviation for VaR-probability values lower than 10% is chusBased on the 204 forecast
values, we found that = 0.7 andy = 4 were optimal. Use of these values gives rise to the
dotted plot in Figure 3.7, which offers an improvement ovethe non-weighted models

at all risk levels, notably 1% and 5%.
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3.3 Conclusions

In this chapter, we rely on an empirical approach for the modand forecasting of the re-
turns on the emissions permits. Because of the relatively pigsence of zeros in the $O
return series, we argue and show that standard GARCH modeistda@ used in this con-
text. To handle this peculiarity, we propose and operalibethe use of the mixed-normal
GARCH model, because it inherently can allocate a componehietextra mass around
zero of the return distribution, unlike standard and eveghlyisophisticated GARCH mod-
els. Besides “solving the zeros problem”, the mixed-norm&RGH model provides both
an excellent in-sample fit and out-of-sample VaR forecastd,also allows for economic
interpretation not shared by most GARCH models. As such, thdetappears to be very

well suited for modeling and forecasting the risk of the,®mission market.

For the CQ data, no model which assumes a constant data generatingspnasulted
in accurate VaR forecasts at all risk levels. By using a pamacmaodel which places more
weight, via the likelihood function, both on more recenuras and on negative returns,
improved forecasting ability is achieved. However, sinnewledge of the (unconditional
and conditional) distribution of emission permit pricegssential for constructing optimal
hedging and risk management strategies in the carbon mduk#ter investigations are

required.

One might suggest that the inclusion of a longer (up to thenssdion of this thesis,
August 2008) and more updated time series could lead to smp@vements. This would
generate a fundamental mistake. The existence of bankstgatens (of the emission
permits -see Chapter 2 for a detailed description of the mankehanisms and references)
between the two first phases may@otcontracts in phase | different frospotcontracts
in phase Il. Therefore, a convenient merge of the two timases simply not possible.

Furthermore, since the emission spot price was overingeaevo from mid 2007, the
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inclusion of the rest of phase | time series into the analygisld have not enhance the
results bout the true DGP of the GO

An interesting direction for future research would be tosidar implementing the fun-
damental analysis (fuel prices are considered to be theapyiapproximate fundamentals
for the emission permits - see section 4.2 for a discussidaXhe mean equation of the re-
turn process and use GARCH-type structures, as discussed thtpter, for the variance

equation.



Chapter 4

Continuous Time Model: An

Equilibrium Approach

"Of course it was ambitious to set up a market for somethinggamit see

and to expect to see immediate changes in behavibr

-Jacqueline McGlade, executive director, European Enuirent Agency
(June - 2008)

In Chapter 2 we discuss the environmental economics litexattich focuses on the
the economic and policy aspects of marketable permitsrggairom the seminal paper of

[60].1 Theoretical aspects that Montgomery (1972) does not cenkigve been addressed

1The original version of this chapter was co-written with M&hesney. It is included in the NCCR-
FinRisk Working Paper Series under the title “The Endogsnerice Dynamics of Emission Allowances:
An Application to CQ Option Pricing” . The paper has been presented at the fallgwonferences: “IX-
Workshop on Quantitative Finance” , January 2008, Uniteisi Rome “Tor Vergata” - Roma, Italy; “8th
Ritsumeikan International Symposium on Stochastic Psessind Application to Mathematical Finance
and 8th Columbia-Jafee Conference on Mathematical Firigrfgaril 2008, Ritsumeikan University, Kyoto
- Japan; “EAERE - European Association of Environmental Radource Economists” , June 2008, School
of Business, Economics and Law, Goteborg - Sweden; and ‘Bbthpean Finance Association meeting” ,
August 2008, Athens - Greece.
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by the studies listed below and which are more extensivedgudised in Chapter 2. The
influence of uncertainty, regarding the regulation poli€yoblic utility commissions on
the behavior of regulated firms, have been discussed by [B]22]. Concentration in
the permit market and in the output market have been exglogspectively by [38], [55]
and by [52]. [73], [30] and [59] have developed models toudel transaction costs in the

theoretical frame. Finally, [16, 17] has conducted an aialgn auction and rules design.

Though such literature is fairly extensive, an explicitstwf the dynamic of the price
of the emission permits in the presence of market unceytaren almost unexplored area.
Most of the present research relies on the key result - kardisicussed in Chapter 2 -
that, in an efficient market, the equilibrium price of the ssin allowances is equal to
the marginal costs of the cheapest pollution abatementigoluTlhis statement underpins
the belief that a high price level for emission permits bsirdpout the relevant companies
with lower marginal abatement costs in order to exploit egpuent price differences. Such
companies make profits by lowering the level of offendingegasore than is necessary
to comply with regulations and subsequently sell their sgaermits. Through the use
of optimal-control theory, [69] extends the discrete-tiemal deterministic setting of [77]
and [26] and provides a trading model for permits in contusitme. The author, intro-
ducing the possibility of banking and borrowing permitsyamstrates that the discounted
marginal costs of abatement are, theoretically, constesit ttme. As a consequence the

permit price grows in equilibrium with discount rates (risk-free interest rates).

Recently, in an effort to bridge the gap between theory anereks market-price
behavior, an increasing number of empirical studies has be@stigating the historical
time series of the permit price. In [28] several differentfuiion and jump—diffusion
processes were fitted to the European,@@ures time series. [6] analyze the short-term
spot price behavior of COpermits employing a Markov—switching model to capture the

heteroskedastic behavior of the return time series. Irrasfitin Chapter 3 we advocate the
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use of a new GARCH-type structure for the analysis of inheretgroskedastic dynamics

in the returns of S@in the U.S. and of C®emission permits in the EU ETS.

As discussed in Chapter 2, with a precise focus on the Europ@#ssion market and
in an attempt to develop a valid dynamic price model, [71] BB#] elaborate a quantita-
tive analysis of the CQpermits price founded on the pivotal results from environtak
economics literature. In particular, [71] consider onerespntative agent who decides
whether or not to spend money on lowering emission levelse mbdel is based on the
optimal abatement decision of an affected company, thexaforery much depends on
its total expected emissions. With a distinction betweearglerm and short-term abate-
ment measures, [34] concentrate on the energy sector evimgja affected utilities which
decide their abatement levels by relying on the cheapesilgesabatement option in the

short-term, i.e. so-called fuel-switchidg.

In common with the last-mentioned paper, we differentidtersterm and long-term
abatement measures. As extensively discussed in secBpa #w options are available to
the majority of affected companies and even fewer fall ihilist of so-called short-term
abatement possibilities. [18] prove that most abatemafini@ogies in the U.S. energy
sector are perceived as durable and irreversible invessmdrereas emission permits pro-
vide a greater flexibility in adapting to changing condiBorAs a result, the compliance
aim in the short run becomes a market problem, rather thaimctysengineering one. Ac-
cordingly, in our model we assume that the companies’ golutlynamics are exogenous
processes. Relevant companies optimize their cost funiji@ontinuously adjusting their

permit portfolio allocations and by choosing the optimalrpie amount to purchase (in the

2|t involves the replacement of high—carbon (sulfur) fueibmow—carbon (sulfur) alternatives. The most
common form of fuel switching in the U.S. is the replacemdritigh—sulfur coal with a low—sulfur coal. In
Europe, coal is typically replaced by natural gas.
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shortage permit case) or to sell (in the excess permit cade.main objective is to de-
velop an endogenous model for the permit-price dynamics.aReably, the underlying of
the price of the emission permits are the net accumulatédtjom processes of the relevant
companies. Permit prices are sensitive to the strategchpses and sales of all relevant
companies. Moreover, each specific position in permitsradetes the final value of the
emission price, as opposed to [34] where the boundary dondibmes from the aggregate
market position in permits.

The organization of the remaining sections of the chaptas ifllows. In section 4.1,
we briefly introduce the formal design of the markets for esmis permits and we recall
the EU ETS market characteristics. Section 4.2 addressdsitidamental distinction be-
tween long-term and short-term abatement policies. In@edt3 we present the model
and its formulation for the basic case of one company withssion-trading opportunity
only attime zero. Then, in section 4.4, we extend the modattount for two-firm interac-
tions that may continuously trade permits which are coupligl asymmetric information.
In section 4.5 we give a proposition for the model with méitims. Finally, section 4.6
concludes with an extensive numerical exercise to derieeetuilibrium price for CQ

permits.

4.1 Marketable Permits for Air-control

A marketable permits scheme for air pollution control is stoncted as follows. Mar-
ketable permits are issued to relevant facilities. Thesssan permits (or allowances) are
denominated in units of a specific pollutant (for exampleoinstof CQ) and in amounts
proportional to their size and emissions according to arrefeyear as baseline. For a
detailed discussion of initial allocation criteria see §Bld references therein.

At regular intervals, facilities submit emission repors their compliance period, at
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the end of which facilities must own sufficient permits to eptheir emissions. This im-
plies that each facility must hold at least as many valid itse@ls emissions during the
compliance period. A penalty is levied if a facility does wetiver a sufficient amount of
permits at the end of the compliance period. The payment afeadoes not remove the
obligation to achieve compliance, which means that undedig permits have to be handed
in. Having been used to cover emissions, these “creditstheme deleted from the regula-
tory compliance system, preventing subsequent use oférafifie compliance date marks
the end of each period for which a facility has to file an enoissireport, which is due on
the certification date.

The largest and most important emission-trading prograsnbegn developed by the
European Union to facilitate implementation of the Kyot@tcol. The EU ETS covers
five different industrial sectors and almost 12,000 inatadhs in 27 countries, responsible
for nearly half of the EU’'s C@Qemissions. They have been allocated permits giving them
the right, over the first phase (2005-2007), to emit 6.6dailltons of CQ. The second
phase coincides with the first Kyoto commitment period, beigig in 2008 and continuing
through 2012. At the time of writing, ongoing negotiatioms apecifying the details of the
imminent third phase® The EU ETS has creatatk factoproperty rights for emissions
that are freely tradable. All permits are transferable, a.éacility that generates excess
permits by reducing emissions below its allocated levets szl those extra “credits” to

other relevant entities. In addition to the so-called spatading? both schemes allow for

3]t worth to mention that beside emission permits, relevamjganies can also use “certificates” acquired
from outside the European Union, via the Joint Implemeatal) or the Clean Development Mechanism
(CDM) to meet their obligations under the EU ETS. The Kyototpcol allows the utilization of so-called
flexible mechanismsThrough JI, developed countries can receive emissiongtieth units whenever they
finance projects that reduce net pollution emissions inralbeeloped countries. Through CDM, developed
countries may finance GHG emission reduction or removaleptsjin developing countries, and receive
credits for doing so. Interested readers may refer to trexdovernmental Panel on Climate Change (IPCC)
for relevant scientific, technical and socio-economiciinfation related to these flexible mechanisms.

4According to environmental terminology, spatial tradingans that a unit can reduce its emissions below
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inter-temporal trading, so that companies can save themipefor use in the future. This

is reflected by a larger time flexibility for pollution-contrinvestments. More precisely,
the EU ETS allows onlyvithin—phasebanking, i.e. permits can be banked from one year
to the next. Unused allowances, however, are not valid duha following phase.

The economic incentives embedded in the tradable pernatdesigned to force com-
panies to participate in the permits market. As discussé&hiapter 2, this leads to a the-
oretical equalization of marginal abatement costs acriffeseht pollution sources. How-
ever, in the short run, the observed permit price does noicae with the expected the-
oretical leveP Though this might be ascribed to a market which is in thedhitage of
development, in the next section we will attempt to addréiecty the reasons why this

mismatch is present.

4.2 Abatement Opportunities in the Short Term

According to the market-based approach which we have dextrn Chapter 2, a gener-
ating unit is endowed with high flexibility in determiningétbest strategy of achieving
compliance under a cap-and-trade program: each firm facasiad¢hoice between buying
(or selling) permits, and reducing emissions through usstefnative technologies. Three
general classes of techniques for the physical reducti@migsions are available. Firstly,
emissions can be reduced by lowering the output scale. 8cdhe production process
or the inputs used - for example, fuels - can be altered. Kirall-end cleaning equipment

can be installed to remove pollutants from effluent streasfisrk they are released into the

its allocated number of permits, transferring those untasexdher units within the same company or selling
them to other companies or brokers. Conversely, it can dendd to abate its emissions but to purchase
permits covering emissions above its allocation. Spat&dihg along with temporal trading are one key
characteristics of marketable permits, see Chapter 2.

51t should be noted that in the long run too, the equality peprice and cheapest marginal abatement
cost hold only in the presence of a non-evident permit-exsigation - see section 4.6 for numerical results.
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environment.

European firms, in order to accomplish Europe’s severe @mviental regulations, have
mostly achieved high environmental standards either inlggcbon processes or in the re-
duction of offending gases released as a byproduct intoithBae to this advanced tech-
nological situation, and coupled with a typical inelasteaxdhnd for particular products —
such as electricity or ore-mining materfals the first abatement alternative can be con-
sidered as the exception rather than the rule, see [44] &)ddi7a more comprehensive
discussion.

Although in the EU ETS the largest-affected sector, whiadene=d the lower amount
of initial permits, i.e. the fuel-burning energy producdras one of the cheapest abatement
alternatives (so-called fuel-switching), it is worth roitig that fuel-switching is rarely im-
plemented at present. A possible reason for this is that unedized to large utilities
purchase fuel signing-up contracts with long maturitiesoider to lock in a particular
price premium, providing in such a way an element of irrensgity to fuel-switching de-
cisions -see [45]. More plausibly, since fuel switching éngrally implemented whenever
there exists a sensible fuel-input price difference, thaadCO, price/cost ratio does not
currently trigger the hypotheticalaily fuel-switching. In fact, considering the marginal
optimization procedures, fuel-switching is mainly depemidon the marginal generation
costs. CQ s also an important cost-component but a plausibly moevagit component
is the cost associated to the change of fuel. Moreover, a fanmat fuel-switching in-
stantaneously: the process requires implementation-tivle concentrate our attention,
therefore, on the short-term period. A reference to theiplesgcorporation of the typi-
cal production management decisions based on daily[i£i0e movements is available in

section 4.3.

5The largest permit allocations correspond respectivelotvand steel producers, non-metallic mineral
producers and energy producers.
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A market-based approach leads to an efficient allocatiotateament costs across dif-
ferent pollution sources, as shown by [60]. However, thavilg depends on the implicit
assumption that any technological abatement solutiom$sance the installation of scrub-
bers on smokestacks to extract noxious fumes as solid essidsi perceived as a perfect
substitute for emission allowances. This only holds truamnefficient market with no
uncertainty. Those facilities which are affected, on thetary, face considerable uncer-
tainty. [18] show that companies perceive abatement tdobies - in particular scrubber
plants for SQ - as inferior substitutes for emission allowances. In @sitto emission
permits, investments in pollution-reduction infrasturess are irrevocable commitments
which last for decades and typically need some lead timederdo become effective. For
a more extensive discussion refer to [33] and [80]. The paselof permits is adjustable
to changing market conditions whereas a scrubber might terwurtilized if demand falls.
Moreover, the cost of a scrubber might be excessive follgwifall in permit price. Hence,
since pollution abatement technologies are often expengdiwable and irreversible invest-
ments, they are not commonly deemed to be perfect subsiituéanission permits. Plau-
sibly, other sources of uncertainties - regulatory unaetgafor instance - can distort the

theoretical equilibrium price, but the overall effect wo@always be a mismatch.

Following this line of reasoning, we develop an equilibriomedel for the short-term
permit price and we propose possible model extensions &imitiusion of general tech-

nological abatement measures coupled with long-run maneagestrategies.

It is important to note that currently there is no commeilgiavailableend-of-the-stackechnology to
extract CQ.
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4.3 The Formal Model:"Wait-and-see” for One Company

In the tradable permit price modeling, as outlined by [60f existence of an efficient
market has been generally assumed. This leads to an edigalipd marginal abatement
costs across the different pollution emitters and to an gerere of an alignment of compa-
nies’ interests with those of a representative agent (asl),[or with a social planner (as
in [34]).8 Employing the existence of a single representative firmémtiarket (as in [71]),
we model the permit price process in an elementary situatiogre trading is only pos-
sible at the inception of an environmental program that hfasite length T. To simplify
matters, we do not account for the possibility of tradingeh@ssion certificates generated
by Jl and CDM projects. The study of their stochastic impadheremission market is left
for future research. Additionally, in addressing the costimization problem, we derive
the permit price in analytic form.

Let (2, F,P) be the probability spacer = (F) the filtration whereF, = o(Qy).
We denote with), the initial pollution level and withX, the quantity of permits that the
company buys X, > 0) or sells (X, < 0) at time zero, and withV the initial permits
endowment. We labe}, the overall net amount of permits for the company at iniiial,
whered, = N + X, and it gives the company the right to emit a volume of offegdjases
up to such a level. We assume that the firm continuously erfigading gas according to
a stochastic exogenous process over the péodidt]. The process evolves accordingly to
a geometric Brownian motioh:

a9 _ pdt + odW,, or equivalently Q, = Qqelt~ 7 )t+oWe (4.1)

Qe

8In [34] the coincidence of the equilibrium permit price witle solution of social planner problem is a
result of the model since fuel-switching is considered asréept substitute of emission permits.

9The assumption of an (on average) increasing pollutionge®is aligned with the United Nation Frame-
work on Climate Change (UNFCC) estimations on future constion of energy, cement and steel.
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wherep and o are respectively the instantaneously constant drift temoh the constant
volatility of the pollution process(), can be interpreted as the business-as-usual (BAU)
emission level, while the drift and the volatility charatze the gas emission process with
respect to the BAU pollution level. Using Equation (4.1 #tcumulated pollution volume
attimet is simplyf(f Q.ds. Thereby, a negative implies a lower (expected) accumulated
pollution level - maybe due to a technological improvemehat is reflected in future GHG
emissions; whereas measures the uncertainty about the accumulated pollubarme.

A natural extension of the model would be the introductioranfendogenous pollution
process. This means that a company can modify its produptiocess according to the
level of accumulated pollution and consequently impactglenit price evolution. We

leave this exploration for future research.

As described in section 4.1, in order to polllggally, the company must have enough
permits by the end of the peridH. If the firm fails to achieve compliance, it will pay a
penalty equal ta?. More precisely, in the EU ETS penalty costs may occur at ttecs
every year. However, the European Directive allows a ors-gerrowing within a trading
period. This means that companies are allowed to use pewithisfuture maturity for
compliance in the current year without having to buy the perm the market. It is thus
not unreasonable to assume that companies will not pay tps&dr a shortfall within a

particular trading period.

At the end of the period we expect either a shortage or a sugptuation (or possi-
bly a perfect match) between the issued emission permitsrenderified pollution level.
Inevitably, the company will either be holding worthlessigsion permits or paying the
price for being uncovered - i.e. the penalytimes the number of uncovered tons - or be
totally and perfectly hedged. Yet, as this last possibiktyjuite unlikely, the final cash

outflow boils down to a binary outcome. In fact, the compafiyial cost in await-and-see
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situation without any trading opportunity during the perjo, 7' is:

max {0, (/T Qds — 50) } - P, (4.2)
0

WherefOT Qsds is the firm final accumulated pollution level. Expressior2j4ecalls a
typical option payoff. From here it is obvious that emissmermits - like many other
tradable permits - are to all intents option contracts. Bdveatures shared with standard

options contracts are discussed in the forthcoming numlesection.

Given the initial endowment of permits and the expectedr&upermits net position, a
firm minimizes its costs at the inception of the period. Thaltoost is simply the sum of
the cash-flows at initial time (or minus the proceeds fromptr sales) and the potential

penalties at the end of the program. Therefore, the reguttimimization problem is:

T +

where the expectation is taken under the historical prdibabieasureP,'° 7 is the discount

min {So : Xo + G_T]T Ep
{Xo}

rate - the weighted average cost of capital - &pcs the permit price (known) at timee= 0.

In order to express the permit price in analytic form, we rety[35] and write the

}

0The historical probability? refers to the pollution processes, a non-tradaisieet There is no need to
construct a risk-neutral probability measure for the galu processes since a corresponding risk-neutral
pollution dynamics has no reason to be evaluated.

objective function as follows:

H = {S@ 'X0+€_77TE[[»

T +
(/ Qsds—N—X()) P
0
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T a?T/a 4
wih [ Quas= Qo [ M= 2y Ay,
0 0 g

2 1 2 —~ . . .
Z = —V, vi=—-(u— %), and W, := %W%/(,z is a Brownian motion
g o

Finally, we denotedy. = [ ¢2Wst)ds,
Computing the first order condition (FOCX, satisfies the following equation (the

detailed derivation is in Appendix A.1):

So = e P / P[A§2T/4ed;c]. (4.4)
1}

0-02/4Qo

It is observable that the emission allowance spot price isation of the penalty level
and the probability of a permit—shortage situation. Thesfiomal form of such probability
is known, but unfortunately is problematic to evaluate nucadly. For illustrative pur-
poses, therefore, we |&t be an arbitrary small-time interval\¢{ = 7") and then compute
the discrete approximation g’f Q.ds. This enables us to derive a more intuitive analytical

form for the permit spot price (the detailed derivation igvmpendix A.1):

2

IN(Qo - At/3y) + (1 — Z)AL
N ’

So = e "™ [P-®(d.)], where d_ = (4.5)

and®(z) is the standard cumulative distribution functidw) = = [*_ e~ du.
Equation (4.5) is the discounted value of future expectgukeges, i.e. theontingent
claim payoff, where the claim is the emission permit whose valueoistingent on the
shortage event, withw = { [/ Q.ds > dy}.1*
In figure 4.1 we give a graphical interpretation of Equatidrb). In the right picture

the solid line is the permit price as a function &f in a zero-volatility situation. This

)t is worth noting that Equation (4.5) corresponds to theildarium permit price described in Theorem
1 of [34].
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Figure 4.1: Plot of5,, the emission permit price at initial time, as a
function of X, the amount of permits sold (negative values)
or bought (positive values) at tinte= 0. We plot the permit
price for different{x. : © € R}, left picture, and different
{o : 0 € R"}, right picture, keeping all other parameters
constant. In this example, N 170, P = 40 and@, = 100.

is equivalent to the exclusion of uncertainty about the ferumulated pollution level
of the firm. More precisely, in this particular example, ietbompany sells less than
50 units of permits, it surely ends up in a permits-excessasdn. As a result, the firm
achieves compliance - it has no penalty to pay. However, grebs that are left over
have no longer any monetary value (this potential loss isectly taken into account in the
extended model version). Conversely, if the firm sells moaa %0 units of permits, ending
up with a permits-shortage, it pays the penalty for each wereal ton of offending gas. In
this last situation, the permit has a value equal to the amtberfirm is obliged to pay: the
discounted penalty’. Theoretically, in a world of certainty, we can evaluate arfity-
threshold: on the left-hand side the emission allowancehatue equal te~"* - P, while

on the right-hand side any permit is worthless.

As any pollution process is marked by uncertainty, the eignsallowance price lies
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somewhere between zero and the discounted penalty leseki.€ [O, e . P}. As
figure 4.1 shows, the difference between the accumulatddtipool volume and the net
amount of permits leads either to a shortage or to a surphis.depends on the the prob-
ability of such an event, and determines where the price Hesping all other parameters
constant, we plot the permit pricg for different drift parameter values on the right-hand
side. On the left-hand side we use different instantaneolsilty values. As expected,
the higher isu or o the larger has to be the amount of permits to be bought at#timé).
Similarly the lower has to be the amount of permits to be sahdorder to reduce the risk
of facing a penalty. It is worth noticing that this figure reg#es the graphical results of

the equilibrium spot price in [71].

4.4 Two-companies and Multi-periods Trading

A market for tradable permits is clearly different from theecsimplified situation de-
scribed above. Not just one representative agent, butreiffecompanies operate at the
same time on the market. The resulting interaction of thepzones’ optimization strate-
gies must be properly taken into account as anticipatectinose2.2. In addition, the inher-
ent uncertainty associated with almost all emission |lea#féscts the market efficiency, as
discussed in section 4.2. Several technical, commeraidlpaerational factors contribute
to the uncertainty observed in emission levels and to thegp#ion of a larger flexibility
for the emission permits compared to other abatement messurhese factors include
uncertainty in the demand for companies’ goods and serviths results in a variation
in the production activity levels, measurement and moimpuncertainty. These, coupled
with imperfect information regarding emission levels,itglly lead to either the facilities
ending up short of, or in excess of emission permits. Both ee¢hare highly undesirable

scenarios. The former results in excessive emissions irmki@onment in conjunction
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with high violation penalties for the facilities while thatter represents unrealized produc-
tive and/or market value for the firm. As a result, facilitee® forced to participate in the
market in order to reconcile their emission credit accaufisey do this either by sell-
ing or buying permits. Historical price evidence suggelsét many of the affected firms
dynamically adjust their positions, thus ensuring comqaea On the one hand some com-
panies continuously purchase/sell the difference betwleein permit allocation and their
expected net future emission. On the other hand, other rgag&e a more speculative
approach by selling off permits when the permit price is higid purchasing them back
later on if in a permit need situation or if the permit pricecanveniently low? In what
follows we extend the basic model, accommodating it to theraction of two firms that

trade in a multi-period setting and to the presence of asymrieformation??

Let (2, F,{F:},P) be the probability space; = (F;):>o is the filtration whereF; =
o(UiesQL, s € [0,t]), and.# = {1,2}. Each firm continuously emits offending gas

accordingly to an exogenous process:

dQiy
Qi

= uzdt + UidI/Vi,t-

where we assumé; ;- dWs,; = 0. We denote withX, , andN; , respectively the quantity
of permits that the-th company buys or sells and the initial permits endowmenta
cap-and-trade, as the EU ETS, the GHG reduction targettisdett the inception of each
phase, therefore the supply side of pollution permits ig@uifixed:N = N; o + Noj.

2An analysis of the interests of the various players in theketaggovernments, financial institutions,
industrials and energy companies and NGOs) might lead tifeaetht interpretation of permit price dynamics
inthe EU ETS.

BBAsymmetric information means that firms found their permatiing strategies based on different infor-
mation sets.
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The net amount of permits that tivth company possesses at timie denoted by

t
dip = Nig+ ZXi,s =Ny +Xiy, V t=1,2,...,T -1,
s=0
where we definéV, ,_; as the sum of the marginal quantities of emission permitgbou

and sold by companith including the initial permit endowment.

Given that the total number of permits is fixed, the markedugiey condition is:

014+ 62, = N orinanotherform X, =-X,;, V t=0,1,....T—-1. (4.6)

Condition (4.6) implies that in equilibrium the permit pasits are in zero net supply.
Hence, it satisfies the competitive equilibrium condititvatt requires equality between

supply and demand for pollution rights in the market.

We label thei-th net accumulated pollution volume at timeas f(f Qi sds — 0i4-1.

At time t € [0,7], company: has complete knowledge about its own net accumulated
pollution volume,f(f Qi sds — d;,—1, and partial knowledge about the net accumulated pol-
lution volumes of company, fg_l Qjsds — d;:—1. In other words, the presence of asym-
metric information imposes a lag-effect on the expectedr&unet-emission levels of the
other company. A ready extension of the model toompanies is possible splitting the
set.# = {1,2,...,1} into two parts,/~ := .# — i andi, and assuming equal infor-
mation among the companies in. Moreover, using constant drift and volatility terms,

{u,o} € RI71, and relying on standard technique of the methods of moments can

I
=15

ric Brownian motion, see [12]. However, we focus on the caseZof {1,2} and we

approximate the cumulative pollution proce§s, , = > Q;+, with a new geomet-

formalize the extension of the model in the following theure

At time T, if neither of the company is in a permit need, all left-overmits have
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zero value. Conversely, if at least one of the firms is in peshdrtage, since by law
all covered companies have to surrender sufficient cretlilma 7', the permit has a value
equal to the penalty leve?. This holds assuming that there is no presence of markeépow
and each company in shortage is indifferent to purchaseifseamd to penalty payments.
Analytically, the permit value at tim&'is:

0 if ¥V i€l [ Qisds<dr

St = _ . (4.7)
P if 3 1€l fO Qi,sds > 6i,T—1

In accordance with the emission market construction atfinecompany: is in permit

excess, it can sell to comparniyhat the latter wants to buy:

T + T +
min { (52'77“_1 - / Qi,sds) s (/ Qj’SdS - 5j,T—1) } =T (48)
0 0

On the other hand, if companys in permit shortage, it can buy from companwhat the

latter wants to sell:

T + T +
min { (/ QLSdS — 5@',T1) s (5]',T1 — / Qj,sds) } =11 (49)
0 0

However, ifll < <f0T Qi sds — 5Z»7T_1>, by law company has to payP for each uncovered
ton of offending gas emitted. Thus, combining equation8)(dnd (4.9), a severe asym-
metry between buyer and seller positions is detectabler@bdundary conditions for the

permit-quantity at tim@" can be simplified to:
T +
Xir = (/ Qi sds — 5z‘,T—1> -I, V iel.
0

Let us consideft to be the unittime. As in the previous section, given theahgermit
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endowments and expectations on the accumulated pollutilomes, each firm minimizes
its total costs at every timee [0, T — At]. The minimization problem for comparny= 1

attimeT — Atis:

min , {Sr_nt- Xir—at + e MM Ep [Sy - Xir| Fr-ad}

{X1,7-At
And deriving the FOC:

Sroar = AP B [Lprg gog 1 Froal (4.10)

—nAt | p. . Z.
toe P - Fp [161¢T7m>f5@1,5ds L1 9y wdss by ad FT-0] -

Since f, Q; .ds is a monotonically non-decreasing functiortjrit follows

T—-At

E 1 or o ®<d17T—At) If 0 Ql,sds - 51,T—At S 0
P[ foTQl,sd8>51,T—At‘JT*At} - clse
2
In < Qur—arAt > ( _ ﬁ> A
NI,T72At+X1,T7At_f0T7At Q1,sds + (M 2 t
where dip_ar = '
o1V At

And, by independenc¥:

lag
E]P’ ]-51,T7At>f0T Q1,sds . ]LIOT Q2,5d3>52,T7At|L6/\T_A{| = q)(-dl,T—At> . (I)(dZT_At)’
Q2,7—2n12A8 A
where dlag _ In <N2,T72At+X2,T7At—f0T72At Q275d5> + (/’62 5 ) 2At
2, T—At . 2At .

YFrom a practical point of view, the EU ETS covers five differenustrial sectors and almost 12.000
installations in 27 European countries. So, it is plaudité two companies, although belonging to the same
industrial sector, are affected by different technicamogercial and operational factors.
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Moving on from this, we can then express the emission spoe @nalytically for com-
pany one at timd" — At as the discounted penalty level weighted by the shortageapro

bilities (for the computations see Appendix A.2):

Srar = e P [1-Ph_,] (4.11)

whereP}. ., == ®(-dir_a) - @(-d?ﬂ_m) is the probability of non-shortage future

situations for both companies from the point of view of compane.

Similarly, solving the optimization problem for companyatwt follows:

Sr_ar = €. P [1 - IP)QT—At] ) (4.12)

whered, r_a; and dlﬁg A, are defined similarly as abovels. ,, := ®(-dar_as) -

@(-dlﬁg_m) Is the probability of non—shortage future situations fothbcompanies from
the point of view of company two. For the sake of simplicitg use the same discounting
factorn for both companies. A generalization taking two differersicdunting factors is

straightforward.

Moving backwards and repeating the optimization procedureach time stepg <

[1,2,...,T/At], we obtain a pairi(#£ j) of emission price equations (see Appendix A.3):

_ N la
ST—kAt = € kAt . P . {1 — Ep [(I)('di,T—At) . (I)('djVTg_At”ﬁT—kAt] } . (413)

With these two equations and the market clearing condido®)( at each time step we

determine the equilibrium permit price by numerically exing the quantity of permits
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that satisfies the following equality:

la la
Ep [@(-dir—ar) - D2 sl Frrad] = Be [@(dira0) - (4 3| Frosa]

(4.14)
for a given set of parameter§y, o, Qo, Ny} € R?) that characterize the two pollution

processes.

4.5 Multi-firm and Multi-periods Trading

Along similar lines of the previous sub-section, and gpliftthe set.# into two parts
(# = [~ U1i), we can generalize the model fa&companies in a multi-period setting. The
equilibrium permit price result from the solution of a systef / equations (see Appendix
A.4).

Proposition 4.5.1 Given the exogenous pollution process{éﬁ-,t}fz0 for company; =
1,2,...,1 the price processS = {E}tT:O
if there exists{Z,t}tT:;m fori = 1,2,...,1 such that for alli = 1,2,....] andt =

0,....,T — At

is called equilibrium permit price process,

B [0(di,) - 0(-d29)|7,] = B [0(dy) - 2(af9)|7], s =1 Ui (415)

and the market clearing condition is satisfigd_, X,, = Oforall t =0,...,7 — At.

It is remarkable to notice that, at each time step both thepeitraded-quantity and
the permit price, in equilibrium, are the result of the compa’ continuous adjusting of
emission portfolio allocations based on the accumulatdéldtpmn processes and the avail-

able information about net permit positions. In the nextisaove delve deeper into these
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aspects by means of an extensive numerical exercise.

4.6 Numerical Evaluation

For illustrative purposes we consider a situation where= 2. Based on equation (4.13)
and the market clearing condition (4.6), we simulate seé\waths of the emission permit
price. In each simulation exercise the time periods fixed at one year (i.e. 250 trading
days), the weighted average cost of capital is set at 10%lemnplenalty,P, is equal tot0.

Starting at = 0, and using equation (4.1), we simulate a pair of indepengielhition
processes: one for each compa#th, i € I. Then, according to the initial permits amount
N, 0, we evaluate numerically the quantity of equilibrium pessiuch that equation (4.14)
holds. We then calculatg}, theimplied equilibrium permit price. This procedure is re-
peatedn-times to evaluate the expected equilibrium permit psge:= Z;‘:l Sg /n. At
time t = At, the resulting net-permits positiors; o;i = 1,2) are evaluated using,
and a fixed pair of accumulated pollution volumes, randorhlysen among the pairs of
pollution simulations. Repeatingtimes the procedure described above, we compute the
expected equilibrium permit pricg,,. Reiterating this at each time step uglto- At we
obtain the simulated equilibrium permit price history daed in the figures below.

Figures 4.2 and 4.3 illustrate the equilibrium permit pres®lution stopped at three
different time stepss0, 150 and200 days) of the described procedure. In the first figure,
we depict a situation where both companies’ pollution psses have a positive quick—
paced drift of 15% and 10% respectively, and a mild volgtidgvel, set at 10% for both.
While the second company has been equipped with an initiatipendowment close to its
total expected emissions, 1.8y ~ Q2 - fOT e*2sds whereT = 1, the first company has
been allocated an initial amount of permits slightly lartiem its total expected emissions,

i.e. Nig > Qup- fOT e"*ds whereT = 1. As such, we would expect an upward-moving
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Figure 4.2: S, permit price evolution (bottom-part) for the pollution
parameterg = (0.15;0.10), o = (0.10;0.10),
Qo = (50;25), Ny = (52;25). The simulated pollution
processes are depicted in the upger () and middle-part

(Q2,0)-

equilibrium permit price: the price evolution in the lastiwof figure 4.2 confirms this.
Conversely, modifying the pollution drift terms and settingspectively, a negative value
for the first companyyu; = —0.15, and a negligible drift term for the second ong, =
0.001, we would expect a reverse effect, other things being eduia last row of figure

4.3 supports the expectation of a downward-moving equilibrpermit price.
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Figure 4.3: S, permit price evolution (bottom-part) for the pollution
parameterg. = (—0.15;0.001), o = (0.10;0.10),
Qo = (50;25), Ny = (52;25). The simulated pollution
processes are depicted in the upggy ) and middle-part

(Q2,)-

Figure 4.4 depicts a brief sensitivity analysis of the d@quiim permit price with re-

spect to the parameters of the companies’ pollution presesStarting from a set of con-
veniently chosen parameters, ig@.= (0.25;0.20), o = (0.15;0.40), Qo = (50;25),
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Ny = (60;40), we let the drift and volatility terms of company one varyttbo the first
and in the second picture, keeping all the other parameteitant. As expected, the larger
11, the higher the probability of being in shortage by the enthefperiod, i.e7". This rea-
sonably implies an upward trend in the permit price. Howgwethe particular simulated
case, for each employed drift term except where= 0.50, as time moves forward and
uncertainty is resolved, the initial permit endowmentssariiciently large to reverse such

atrend (see upper part of figure 4.4).

Similarly, the largefo;, the higher the uncertainty aboﬁf Q1,sds — 617-Ay, 1.€. the
net permit position before the compliance date, and coresgtyuabout the probability of a
non-shortage situation in the future for both companiesPi. ¢t € [0,7 — At]. As can be
observed, higher volatility uncertainty is reflected in ghter permit (option) price. How-
ever, in our particular simulated example, while more infation about the accumulated
pollution volumes is collected, the initial permit amoumtiwe takes precedence over the
overall uncertainty level. This, in turn leads to a priceréase (see middle part of figure
4.4). Finally, the impact of different pairs of initial peinendowments is observable in
the last picture. The upper line depicts a clear shortagatsin. After some trading time,
the shortage status becomes a fact and the permit price jdysihre discounted penalty
level. The lower line depicts the opposite situation. Botmpanies have been allocated
an amount of permits that is over-generous and the perncié piovers slightly above zero
(see lower part of figure 4.4). It is extremely interestingphserve that the yellow price
path very closely resembles the empirical spot permit @fc@0, in the European market
during 2005 and 2006. After a period of slow but continuouwand movement, due to

purchasers being convinced of a shortage, the price pluethist almost 70%, thereafter
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drifting towards zero. This price reverse can be attributethe disappearance of asym-
metric information among market players in terms of theirpermits positions® By the
end of 2007, the emission permit spot price for phase | is simity however it would have
been zero only if the probability of an excess situation hadnbexactly one. This fea-
ture, along with the described price reaction to drift antatfiity movement, is common
to standard financial option contracts.

Optimal strategies are readily computable in a static artdraenistic framework as
those described in section 2.3. Conversely, regulatoryrtaioées and uncertainties in the
evolution of the pollution processes make an identificatitine best strategy, which is less
straightforward in the short-term. Apart from technol@gissues and physical constraints,
financial concerns are also beginning to creep in. Anec@wvidence of extreme volatility
in the European and U.S. permit markets suggests an urgetforethe development of ef-
fective hedging techniqué$.In addition, the numerous risks related to market-based-pro
ucts highlight the importance of developing approprias&-management tools for those
companies which are subject to environmental programs glisas/to specialized traders.
More importantly, a valid price model is required for prigiany financial instruments or
project whose valuelerivesfrom the future CQ spot permit price. Extremely relevant
examples are project-based investments (see next chapterat regular intervals, return
emission reduction certificates, yielding a payoff thatetegs on the COpermit market
price. Other important examples are technological abatémgestments or production

process modifications that can be valued in terms of cosesidavm purchasing emission

15Referring to the discussion in the subsection 3.1e and deriag the model framework in Chapter 3,
the price reverse may be a result of a larger (density) weilgttied on the group (of firms) which expect the
market being in extreme shortage with respect to the (dgnsaight of those expecting a market in excess
of permits.

®Hedging strategies can be constructed by means of futurgsacts or by introducing option instruments
(the first option contract on CQwas traded in October, 2005 between the French electrioitypany EDF
and the Amsterdam based company Statkraft). Futures atedtdaoth over—the—counter and on several
exchanges.
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permits or revenue from the sales of extra unused permits.

4.7 CGO, Option Pricing

In the EU ETS there are two major groups of players: that onietwis covered by the
regulations and the one that trades permits with the purmosigeculaté’ This last group
consists of brokers, hedge funds, banks and insurers. Cthe twature of such institutions,
it is clear these players have been attracted by the highilitglaf the market of emission
permits. Moreover, the emergence of international exceaagd the consequent enhance-
ment of the liquidity of spot and futures contracts encoathgven more the participation
of financial players in the EU ETS. At the time of writing, masdtthe trades concern fu-
tures traded on the London-based European Climate Exchdregigrgest pan-European
platform. Banks and insurance invest in emission permiggelsitrough funds. As a matter
of fact, in the last 2 years several funds emerged in the farisactor, raising the appre-
hension for the existence of a speculative bubble. In suenfitiancial sector is providing
liquidity by trading futures contracts; it is sharpening tisk-sharing products by offering
ad-hoc insurance contracts; it is serving the market bytingaew service-solutions; and,
more importantly, it is pushing for the creation of a solidrke&d for option contracts where
the underlying is the spot price of the emission permits.

The other group consists of all industrial companies whrehcavered by the EU ETS.
Industry can act as seller or buyer in the market of emissesmiis like the financial sector.
However, the main difference between these two sectorsecoathe market perception.
Financial companies look at emission permits as a new méakstw opportunity), while

industry faces it as an entirely new set of regulations. Toesextend, today the industrial

"The original version of this chapter is part of the paper “Hmelogenous Price Dynamics of Emission
Allowances: An Application to C@Option Pricing” that was co-written with Marc Chesney.
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sector can be split into two groups in respect to the emplsyredegy. More precisely, one
can distinguish between “passive” and “active” strategythle “passive” strategy the firm
only takes action at the beginning of the trading period (thgyf it expects to be in need
or selling if it expects to be in excess - but maintaining disigiht reservoir), holds the
rest of the permits on the registry account, and waits fovelified emission data. This
strategy corresponds to the situation described in sedti®rand it is not far from what
has been experienced by some industries in Western Eunogect| producers of cement,
ferrous metals, building materials and pulp and paper hareemlly limited ability to
reduce their emissions but, having received fairly geneiaiial amount of permits in
phase I, they acted passively on average. The “active’egfyatan have several variations.
In the simplest form, a company sells all permits once thgeapon the registry account
but immediately buys them back on the forward market. As spelmits are temporarily
transferred into cash which is later on transferred baak permits at a known (forward)
price. The net annual surplus or shortage of permits is thdled every year on the spot
market. In a sophisticated variant of the “active” apprqoacttompany could cover the
buy-back leg of the transaction by insurance or a call opfidfrivially if, at expiry of the
option, the price of the permit is higher than the strike @ro¢ the option, the option is
exercised. If, on the other hand the permit price is belowsthike price of the option, the
option is not exercised and the emission permit can be baaigihte lower market price.
Therefore, also active industrial traders are interestede development of a large option

market - especially call options.

Based on this discussion, it’s clear why a £@ption market is slowly growing and

attracting a wide variety of industrials, utilities and fircéal institutions of various nature.

18A more advanced variant of the “active” strategy corresgaodhe dynamic problem described in sec-
tion 4.4.
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With regard to the different scopes listed above, the ingraé of such a market is two-
fold. First, CQ option contracts satisfy the primary need of risk transfenfthose who

wish to reduce the risk of a permits shortage situation, mathe risk of financial exposure,
to those willing to accept it. By allowing European coverednpanies to reduce their
exposure to price risk, buyers and sellers can better p&an(trctive) trading strategies and
their businesses. Second, writing option contracts firmastitutions can take a position

on the market.

It worth to mention that the development of a £aption pricing approach is not limited
to price standard financial contracts. Any project-basedstment, i.e. investments com-
mitted under the so-called CDM and JI mechanisms, which alaegqtervals returns CO
emission reduction certificates yielding a payoff that dejseon the CQ permit market
price, can be considered as (real) option contrictsis natural to interpret such projects
as contracts whose valderivesirom the future CQ spot permit price. Similarly, any tech-
nological abatement investment or production process fication can be valued in terms
of saved costs from purchasing emission permits or revaone the sales of extra unused
permits. As mentioned in section 4.2, [18] used this argunmearder to identify a plausi-
ble reason for the difference between the marginal costrofing abatement technologies
such as scrubbers and the emission allowance price. Thieg ¢his difference the option
premium. This is the first paper that discovers the optidnevanplicitly embedded in the
value of an emission permit. In line with this consideratian option where the underlying
is any sort of marketable permit is in fact a compound optkinally, all industries which
undertake any kind of technological abatement investmi@ntsder to free-up emission

permits and sell them are interested in standard put optiResalling the discussion in

191t has to be noted that each certificate has to succeed a detgpkegulated verification and certification
procedure before being eligible as CER (for CDM) or as ERU {fn
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section 4.2, physical abatement investments often emtailslti-year time horizon. There-
fore, companies are generally quite reluctant to sell fotdvexcess emission permits. Put
options satisfy the need to lock in a certain price in the ¢asadmplemented abatement
measure delivers the promised amount of permits.

In what follows we develop a CQoption pricing approach based on the equilibrium
price dynamics obtained in the previous sections. A corsparwith a benchmark model,

i.e. the Black-Merton-Scholes formula, follows as an exs&ci

4.8 CO, Option Pricing: A Comparison

In this brief last section we carry over a European-stylea(foial and real) option pricing
model comparison. In particular, we attempt a compariso@©f option-pricing models
evaluating plain vanilla European options (Call and Puthwirike priceX’ and maturity
T. The benchmark model is that of Black, Merton and Scholes3L&alled BMS), where
one assumes the permit price evolves according to a gearBetuwnian motion

%St = adt + BdWy,

t

wherea andg are the constant drift and constant volatility respecyiv€he second option
approach relies on the endogenous equilibrium price proeedescribed in the previous
section, thus the underlying price follows a dynamics like9j in the Appendix A.5. Eu-
ropean options are priced numerically by means of Monte Gamailations. However, in
order to obtain a fair option pricing comparison under th@egrobability measure, we
consider the risk adjusted version of (A.9) such that thealiated equilibrium price is a
martingale, i.e. the dynamics (A.10).

To be consistent with the numerical results exposed in@edti6, we maintain the time
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periodT fixed at one year, the discount factor is 10% and the peraityequal to€ 40.
For illustrative purposes, we consider six possible gdrstt@ations where pollution drift
and volatility terms are varying but we make the initial pitbn levels and the initial per-
mits endowments fixed, i.€), = (50; 25) and N, = (55; 25). For all models, the risk-free
rate used i3 = 0.03. Similarly, to obtain comparable and meaningful resulie,parame-
ters of the exogenous geometric Brownian motion used in the Bpti®n pricing model
are estimated from the simulated prices obtained appliagtjuilibrium price procedure.
More precisely, the starting permit price at tihe- 0 is the mean of all first points of the
simulated paths, i.e5, = ZZ.AZIEZ/A whereA is the number of simulations. In addition,
the constant volatility terny is the mean ofd annulaized historical volatilities estimated

by the squared difference of the log-returns of each siradlpath.

In the first situation, called "Positive—Positive”, bothnepanies are characterized by
a mild positive drift term of 10% and a rather high volatillgvel of 20%. In the second
situation, the first company has a positive drift tenm, = 10% and a relatively mild
constant volatilityo; = 10%, whereas the second company has zero-drift and a volatility
double compared to the previous, = 20%. With an identical volatility level of 15%
and an equal drift term of 10%, but of opposite sign, we complaé¢ option price in the
situation labelled "Positive—Negative”. In the fourth eagalled "Stable—Stable”, both
pollution drifts are negligible and the volatility levelseal5% and 20% respectively. The
"Stable—Negative” situation is characterized by identiggatility, 25%, negligible drift
for the first company and a negative one, -10%, for the secongbany. Finally, in the last
case, drift parameters are both -10% and volatilities a?é 20d 15% respectively.

The option prices are consistent across all six descriltedtgins. The higher the pol-
lution drift terms the higher the Call options values (soffteddecreasing strike pric&);
the lower the pollution drift terms, the higher the Put opticvalues (sorted for increasing

strike priceK). Given the unboundedness of a geometric Brownian motioa,veould
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Parameters Strike K=10 K=20 K=30
So,0;  [m, 0] Model Call Put| Call Put | Cal Put
Sy = 18,46,3 =041 PP BMS 8.89 0.14| 2.63 3.58| 0.63 11.28
[(0.10,0.10)(0.20,0.20)] | PP Endogenous 7.40 2.65|2.18 7.13|0.00 14.65
So = 11,33,@ =0.76 PS BMS 4.00 237 154 9.61|0.69 18.46
[(0.10,0.01)(0.10, 0.20)] PS Endogenous 2.46 4.92/ 0.01 12.17) 0.00 21.86
Sy = 11,23,3 = 0.69 PN BMS 3.66 2.13| 1.21 9.38| 0.46 18.34
[(0.10, —0.10)(0.15,0.15)] | PN Endogenous 2.37 4.66/ 0.01 12.00/ 0.00 21.69
So =8, SO,B =0.76 SS BMS 2.34 3.24/0.76 11.36 0.30 20.61
[(0.01,0.01)(0.15,0.20)] | SS Endogenous 1.06 5.43| 0.00 14.07| 0.00 23.77
So = 6, 52,B =0.79 SN BMS 1.20 4.38/ 0.33 13.21 0.12 22.71
[(0.01,—0.01)(0.25,0.25)] | SN Endogenous 0.27 6.15/ 0.00 15.58 0.00 25.28
Sp = 6, 60,5 =0.61 NN BMS 0.79 3.88/ 0.11 12.91 0.02 22.53
[(—0.10,—0.10)(0.20,0.15)] | NN Endogenous  0.20 5.23| 0.00 14.73 0.00 24.43

Table 4.1: European Call and Put option prices according ¢o tw
different option pricing models. The table reports the lssu
for six possible general situations where we allow the
pollution drift and volatility terms to vary. Initial polkion
levels,Q, = (50;25), and initial permits endowments,
Ny = (55;25), are fixed. The risk-free rate is= 0.03,
maturity isT' = 1; and the penalty’ = 40. The simulated

pollution processes are500 for each company and

A = 100.

correctly expect the Call prices valuated with BMS model to lgdhér compared to the

second approach. This is the case in all six situations aneMiry strike price. Put prices

valuated with BMS model are lower. Indeed, the possibilitytfee market to be in excess

at maturity generates a non-negligible probability for ¢éhrentS; = 0. In other words, in

the BMS model, contrary to our model, the probability to bexness does not play a sig-

nificant role. However, such a price-rank is not always the and it is intimately linked to

the initial amount of permits allocated to each company.ifkstance, an emission permits
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market over-allocationl¥, is significantly lager thaif,), would impact the value-range
for S, shifting it down and implicitly reducing or deleting the apt price difference. An
emission permits market under-allocatiawyis extremely smaller tha€,), instead could
reverse the price-rank and make BMS Call options cheaper.

Those that attribute the existence of such a difference to@etrspecification (in fact
the historical volatility is quite high), might suggest dimpng a more general exogenous
dynamics to describe the GQermit price?® However, this will not fill the price gap
inasmuch as the emission permits market positions are ket tato account. In general,
in a market for emission permits, the lower (higher) theahgllocation the more valuable

would be a Call (Put) option.

20The estimation of several popular continuous-time praeesg maximum likelihood in [28] confirms
that the jump-diffusion model proposed by [54] deliversiblest CQ spot-returns description.
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Figure 4.4: S, permit price evolution letting vary the drift and the
volatility terms for company one, respectively upper and
middle picture, and both the initial permits endowments,
lower picture. The common starting pollution parameters
arep = [—0.15;0.001], o = [0.10; 0.10}, Qo = [50; 25],

Ny = [52;25].



Appendix A

A.1l Appendix A.1

The following objective function has to be minimized wittspect toX,

4 +
H = {50'X0+6_"TEP (;'QO' (ZT?T/4—N0—X0> - P

} (A.1)

and denotingdy = [\" 2Wetvalds, 1= L. (4 — ),

Thelaw ofA; is P(A} € dx) = ¢(t,x)dx where

1 a2 1 V2t

_ —-1_ - T o0 .y _lny
plt,z) =z (27r3t)1/2e(2 : 2)/0 y e 2T, (t)dy,
o0 2
0 t
Computing the first order condition (FOC) the following is ab&d:

do - 02
SO - e_nT . P . ]P> |:A§2T/4 > 0°9 :|

4Q0

Therefore we can express the emission allowance price agtdn of the penalty and
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the probability of permit shortage:

go = e‘”T -P- / P |:A§2T/4 S dl’i| .
30-02/4Qo

For a simple analytical interpretation of the problem we @assumd’ = At, whereAt
is a small time interval, and approximate the cumulativéupioin process with its discrete

representation:
T
/ Qsds = Qoe(“_g)AHUWN N
0

Substituting in the objective function it follows:
o2 +
H = {SO - Xo+e M Ep [(Qoe(“‘z)m*”Wm At — Ny — XO) : P] } (A.2)
Computing the FOC it follows:

So = €_nT'P']E]P> 1 o2
Qoe(‘u77)At+JWAi-At>N0+X0

0_2
= PP [Qoelt TAAL AL S Ny + X

moving on from this, we express the price as a function of #reafiy and the proba-

bility of permit shortage and the results of equation (4rg)@btained.

A.2 Appendix A.2

The following objective function has to be minimized wittspect toX; 7 a:

H= {ST—At - Xir-Ar+ e 1M B [St - Xl,T|f7OZ.T—At]} :
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Deriving the first order conditions, we arrive at equatiori (. Introducing asymmetric
information as explained in the section 4.4, we consideditberete approximation for the

pollution processes and obtain

T o? T—At
-1 A oW, t
P (/ Q1,sds > 51,T—At) = P (Ql,T—At . G(M ’ ) rotar At > 61 p-ar — / Qlﬁds)
0 0

= (I)(dl,T—At)a
whered, r_x, is defined in section 4.4. Similarly
T
Ep [161 r_ai> [y @1 gds‘yT*At} =P (51,TAt > / Ql,sd5> = <D<_d1,TfAt)a and
' " 0
lag

T
Ep []lfoT Q2,5ds>62 TfAt|ﬁT—At] =P (/ QZ,SdS > 52,T—At) - (I)(dQ,T—At)v
’ 0

Wheredlﬁg_m is defined in section 4.4. It follows that:

_ 3 la
Sr_at = e At P [q)<d1,T—At) + q)(_dLT—At) ' q)(dz:g—m)}

B la
— e MAt p, [1 — O(—dir-nt) - q)(_d2,79—At>i|

The same computation holds for equation (4.12).

A.3 Appendix A.3

The following objective function has to be minimized witlspect toX; 7_oa;:

H= {ST—2At - Xironr+e " Ep FT—At Xir-ar+e "™ Sy Xl,T"JOZT—2At} } .
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Computing the FOC, the following is obtained:

= OX17r At IS At
0=Sr ont +e ™ Ep |Sr_at mo—r LT-At 7o
! ! 0X1 1r-2n¢ A 0X1 1r-2A¢

because by equation (4.8 = {0, P}, henceX, s - 27— =0

0X1,7—2A¢

Moreover, considering the existence of a lag—effect dubeégtesence of asymmetric

information and assuming that

OX 1 i OX 17 (i
LIZG-DAt g ZOLTEGERAL g where ke [2,5] ke N',  (A.3)

aXLT_jAt 8A)(l,T—jAt
it follows o
0X1r _0
0X1r-2nt '

The previous assumptions are introduced for the sake diatrdity of the model. A
rigorous mathematical approach requires the introduaifdsackward-forward stochastic
differential equations (BFSDES) in order to model the decigroblem. In fact, it is not
sufficient to solve a stochastic dynamic programming prokgence at each time-sté¢p —
jAt) the control variable (the quantity of permits to buy or tol)sil a function of the
previous quantity of permits tradeI{ — (j + h)At), whereh € [1,T/At — j] h € NT)
and of the future quantity of permits that will be traded’ (— (j — k)At), wherek ¢
[1,7] ke NT).

Let us define:

o T—At
ap = (Nl,T—QAt + Xir-At — / Q1,sd5) )
0

lag B T—2At
by ¥ = (Nz,T—QAt + Xor_at —/ QQ,st) ;
0
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sinceX;;=—-Xo, V s€0,T—1].
Recalling equation (4.11), we expaﬁET_At/ﬁXl,T_gAt:

agT*At (9 —nAt Iag
= P11 — ®(- _ . P(- A4
0X1 1 2n¢ 0X11r_ont [6 [ (-dvr-at) <d2,TfAt)H (A.4)
- Ody - la
e ) B 0
la
lag adQ,Tg—At

e P @(diroai) - Gy a) g

Using conditions (A.3), the following equations are ob&ain

Odvr-ne 1 -1 day

= . . _ . At - (a -2 e — 0’
O0Xir-ont  oVAE (Qur—at- At) Jay (Qur-as ) (@) OX11r_ont
lag la
Ooir—a - - (Qar—2a¢ - QAt)'(blzag)z‘ab—Zg =0;
OXir_oat 09V 2AL (Qar—ons - 200) /b|2ag ’ 0X11-2nt

OST_ At

and henc%m — O

Combining the previous result and conditions (A.3), the gpate of the emission

allowances at tim& — 2At is:

Sroont = € " Ep [Sr_ai| Froond]
lag

= e_nzAt P {1 — Ep [q)(—dl,T—At> : q)(_d2,TfAt)’yT*2At:| } : (A5)

Similarly, solving the minimization problem corresponglito company = 2, it fol-

lows:

Sr_ont = € " Ep [Sr_at| Frooad]

- I
— e M2AL. p. {1 — Ep [(I)('dZT—At) : q’('dﬁfg—m)‘ﬁT—Mt] } . (A6)
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We generalize the proof for the time stép- j At considering the following objective

function that has to be minimized with respect@,_;a;:

H= {ST—jAt “Xir—jar + e 1M B
h=1

J
Ze_n(h_l)AtST—(j—h)At . Xl’T_(j_k)At|ﬁT—jAt] } )

Computing the FOC, it follows:

Srin OX1r-jar
et o
! 0X11-jat
j —_— J—
= OX 11— (j—m)at OST_(j—h)At
_e AR enh-varg o ZELTEGERAL L e ZPTEGhAL g
P hz_; T—(j—h)At IXizone 17— (j—h)At IXr1in |\ Fr_int

After some computation and using conditions (A.3) and equgiA.4), the following

equation is obtained:
ngjAt = e " Ep [gT—(j—l)At’nyjAt]a
hence

— _ e la
Srojae = €A Ey [0 P 1By | 0(=diroar) - O(—dy s)|Fr e 1Froad

— bt p. {1 — Ep [‘I)(—dLT,At) ' ‘I)(_dlﬁgAt)‘yTjAt} } '

A.4  Appendix A.4

Let us defines = {1,2,...,I} the set of relevant companies. The existence of asym-

metric information is modeled assuming that each companlyserves its accumulated
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pollution process and the accumulated (and aggregatelditipal process of théd~ com-

panies with a lag, wheré~ := .# — i. Modeling the emission permit price in a multi-

period and multi-firm framework requires solvidgminimization problems at each time

stepk € [1,2,...,T/At]. Along the line of [12], one can approximate the cumulatigé p
1

lution process@Q);-; = >;_, ;; Qj+» With a new geometric Brownian motion and obtain

I emission price equations as described in section 4.4:

= _ la
Sr_kar = € AL P {1 — Ep [q)('di,T—At) : q)('dlngfAt)’gT—kAt] } :

where
Qi r—neAt o 0_12) ‘
d — n (Ni,T72At+Xi,T7At_f0T7At Qi,sd8> + (’ul 2 At
i, T—At — :
g; *V At
and
Qr— 2At 0,2_
In 1= r—2a0 200 +< 7—’—>-2At
dlag _ (NI_,T2At+XI—,TAthT Q- s Hi 2
I- T—At o - 2At ‘

Using constant drift and volatility termgu, o} € R!, and relying on the standard
technique of the methods of moments, we can determine tlaengders of the new approx-

imated geometric Brownian motia; - .,

dQr-
Q1

= M[—dt + O'[—dW[—vt
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wherelV;- is a Brownian motion and

I . I . . )
_ 4 D i1, @€t 2 _ 1 Dkl gkt Qu Qe THs PRk )1
prm =3 I 0 o T I 2
Zj:l,j;éi 3,0 (ijl Qweﬂjt)

Hence, we determine the equilibrium permit price solvingystam of / equations.
More precisely, we numerically evaluate the quantity ofhpies that satisfies the following
I — 1 equalities at each time stépe [1,2,...,T/At]:

Es @(-di,T_At)-@(-d',??TAt)@T_kAt] R [@(-dj,T_m)-@(-d'f}?TAt)@T_m ,
(A.7)
(for {i,j} € # andi # j) and the market clearing conditioﬁlex-,pkm =0, for a

given set of parameter$g, o, Qo, Ny} € RY) that characterize thEpollution processes.

A.5 Appendix A.5

An interesting finding is the comparison of the resultingnpieémprice dynamics with a
standard geometric Brownian motion. Starting from equg#doh3) (from the point of view

of companyl), we introduce the following more convenient notatiin=: ®(-dy r—a;) -
lag

q)('dQ,T—At)'
ASr_genar 1= Ep[H|Fr gad) = (1 = nAt) - {1 = Ep [H|Fr_eiyar] }
ST—(k+1)At (1 —nAt) - {1 — Ep [H|ﬂTf(k+1)At]}

A{1 = Ep [H|Fr_ger1)at] } 1
~ At + 1 —nAt
{77 1 —Ep [H|-Pr_ (k1)) (1= nAd)

AP,_
{w N M} | (A8)
Pr_(k+1)at

Q
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whereAt is infinitesimally small and®; here is the probability of shortage at timé&om
the point of view of company. Rewriting equation (A.8) for a general time instantt

follows:

AS, AP,
S, TP

1 nAt. (A.9)

Equation (A.9) describes the endogenous dynamics of thesani permit price from
the point of view of company. A similar equation can be obtained from the point of
view of company two. We determine the equilibrium permit amoequating these two
guantities (along the lines of section 4.4) and then obtarendogenous permit price. Not
surprisingly, an increase in the probability of shorta@éﬁﬁb 0) would lead to an increase

in the price of the emission permits. The correspondingmisitral dynamic is simply:

%MAH (AR CEp {ARD. (A.10)

t Py Py
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