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1. Introduction

The use of tradable emission permits as marketdbaseironmental policy instruments has
gained increasing attention by both policy makerd @egulators in recent years. This policy
instrument has emerged as a practical tool foreffsttive pollution control mainly since the
seventies. However, the SO2 allowance trading pragrcreated by the Clean Air Act
Amendments of 1990, is the first large scale ussugh instruments in environmental policy.
The tradable emission permits have become an isiagig accepted environmental approach
in many countries as the US SO2 program has resultesignificant SO2 emissions
reductions and far lower-than-expected compliarestisc(Ellerman, Joskow, Schmalensee,
Montero and Bailey, 2000; Carlson, Burtraw, Cropaed Palmer, 2000) and human health
benefits (Chestnut and Mills, 2005). Indeed, theogaan Union has established a cap-and-
trade program for greenhouse gases, and otherre@sistich as Austria, Japan, Chile, Korea
and New Zealand are considering the use of sudjrgms to control pollution.

The general behaviour of prices in cap-and-tradgnams has already attracted great interest
in the environmental economics literature. As itwisll known from this literature, under
usual conditions, an allowance market leads toetpealization of the marginal costs of
abatement and emission permits prices. If a ppeiti has a low abatement cost, that
participant can reduce below its allowance allasat@nd sell the remaining allowances or
simply bank them for future use. However, there lbesn relatively little empirical research
with an explicit focus on the formation and the aync behaviour of the price of emission
permits. At present the CO2 market is immature emksequently the existing data do not
permit to explain efficiently the movement and fation of the CO2 price. On the contrary,
the SO2 permit market is the most mature of presemssions trading schemes and has
consequently sufficient price history to analyse 802 spot price process.

Using industrial organization model, Schennach @O@nalyses the optimal banking
behaviour of generating units and incorporate o#gtaand uncertainty into her analytical
framework. However, she shows no interest in theadyic of the spot price behaviour. Under
certainty, the model predicts that the price patloivs Hotelling’s rule, increasing at the rate
of interest. Under uncertainty, she observes thatexpected price path of the SO2 permit
price can rise at a rate less than the discouateaen when the bank is not expected to be
empty. Ellerman and Montero (2007) follow the agmto put forward by Slade and Thille
(1997), who combined the Hotelling model for théc@rof exhaustible resources with the
capital asset pricing model (CAPM) for risky assdts model the efficient path of SO2
allowance banking and implicitly the evolution ofloaances prices using simulation
methods. They find that the time pattern of thevadince banking has been reasonably
efficient. Kosobud, Stokes, Tallarico and ScottOQ20demonstrate, on the basis of time series
data, that SO2 emission permits have positive rateseturn and yield distributions. In
addition, they find no significant correlation beswn SO2 returns and returns from various
financial investments, suggesting that SO2 permay be included in a diversified portfolio.
Helfand, Moore and Liu (2007) follow Shennach’s @@p theoretical model of the
intertemporal SO2 market in addition with the Hiotgl model to analyse SO2 price
movements from august 1994 to December 2003 usiogoenetric methods. They find that
SO2 price movements depend on the risk-free inteaés, excess returns to the stock market
portfolio, and several unexpected shocks in SO&edlmarkets.



The aim of this paper is to study empirically tretesimination and the dynamic behaviour of
the SO2 permit prices. Previous research focusedxgpost market price analysis without
taking weather conditions into account. Therefahes study attempts to fill a gap in the
literature by providing new empirical evidence be 502 price evolution and its interactions
with macroeconomic variables, microeconomic vagabland climate variables. Using
monthly data from January 1995 to December 2008, estimation results indicate the
existence of a long-term relationship between S@&np price, the three-month treasury
constant maturity rate and weather conditions.hm ghort run, SO2 permit price is mostly
affected by weather. The empirical evidence suggbst stability of our model for the whole
period in the long-and short-run which would maksgble the forecasting of SO2 prices.

The remainder of the paper is organized as folldextion 2 describes the SO2 allowance
market. Section 3 provides a brief review of thastixg literature on SO2 allowance
fundamentals. Section 4 describes the data usttkistudy. Section 5 presents the empirical
results and section 6 concludes.

2. Background

The acid rain program was designed to cut the adweffects of acid rain by reducing electric
power sector emissions of SO2. Total annual emissare mandated to be reduced by 10
millions tons below 1980 levels by the year 2000miAg to achieve this reduction, a market
for SO2 allowances or permits was created. Eadwalice grants its possessor the right to
emit one ton of SO2 and can be used the year &fsite, banked for use in later years, or sold
if the generating unit emits less than its allamatiin the first phase of the program from 1995
to 1999, the 263 of the most polluting coal-firddcricity generating units with an output
capacity greater than 100 megawatts (MW), whiclotglto 110 power plants located in 21
eastern and mid-western states — the so-calledléTAbunits” — are allocated a fixed
number of allowances each year sufficient for agrage emission rate of 2.5 pounds SO2 per
million Btu of average 1985-1987 heat input. Powkmts may select units not originally
affected until phase Il to enter the program ead\substituting or compensating units to help
fulfil the compliance obligations for “Table A usit targeted by phase . In addition,
industrial emission sources, such as refineriessamelters, may voluntarily enter the program
if they feel they can make emissions reductioroat tost (opt-in units). The second phase,
which began in the year 2000 and continuing indtefiyy covers the remaining generating
units fired by coal, oil and gas with an output aapy greater than 25 MW, which are
allocated allowances sufficient for a more stringaverage rate of 1.2 pounds of SO2 per
million Btu of average 1985-1987 heat input. Infbphases, allowances are allocated to units
in proportion to emissions over the three years51P®37 base period. The SO2 cap-and-
trade system appeared effective only from the madnterested on a powerful system of
measure and recording of SO2 emissidre @llowance Tracking System) maintained by the
Environmental Protection Agency (EPA) and on seimgpenaltieSincurred by generating
units if total emissions at these units exceechtimaber of allowances after 30 days following
the end of each year. Several studies have attentiptassess the efficiency of the SO2
allowance market. Mounting evidence has shown tthatmarket is becoming efficient over
time. This is shown in the work of Joskow, Schmaé&mnand Bailey (1998), Carlson, Burtraw,

! The Clean Air Act Amendments set a penalty of@@.per ton in 1990, which is adjusted annually for
inflation. The 2006 penalty level was set at $ 3.fpBr excess ton (EPA Progress Report, 2006).



Cropper and Palmer (2000), Arimura (2003), Ellerraad Montero (2007), Keohane (2006)
and Helfand, Moore and Liu (2007).

At present, the SO2 market has a fifteen year phistory. Since 1993, an auction of
approximately 2.8% of the total annual allowances wonducted on behalf the EPA by the
Chicago Board of TraddCBoT). This auction is supposed to increase diqyiin the market,
provide a price signal for private trades and asuiesl source of allowance supply. Before
passage of the Clean Air Act Amendments of 1990\ Eiferts estimated allowances prices
to be as high as $ 1.500, which was the price fiegljusted for inflation) for direct sales by
the EPA. Hahn and May (1994) reported pre-1992nedés of forecasted SO2 allowances
prices ranging from 302$ (Allegheny Power Systemn®&1$ (united Mine Workers) for the
first phase and from 374$ (Resource Data Internatjdo 981$ for the second phase (United
Mine Workers). However, the clearing price of tf#93 vintage allowances in the first and
the second EPA auction was respectively 131$ afi$.1bhe difference between expected
prices and the observed prices was mainly dueetontiportant role of expectation errors and
the irreversibility of many compliance options tHave an increasing effect upon prices
(Ellerman and Montero, 1998a; Ellerman and Montel®98b; Ellerman, Joskow,
Schmalensee, Montero and Bailey, 2000 &@adlson, Burtraw, Cropper and Karen, 2000).
Since the cash market became better establisre@BbT has offer swaps, option and future
contracts for the SO2 allowance market. Later yeidus New York Mercantile Exchange
(NYMEX) and the Chicago Climate Exchange (CCX) halso created futures markets for
allowances. These contracts have enabled markétipants to hedge the financial risks
associated with future unforeseen changes in afloesprices.

As shown in figure 1, the allowance trading voluhrees been significant only by the year
1995. Indeed, nearly 613 private allowance trassfaffecting roughly 16.7 million
allowances were recorded in the EPA Allowance TiragkSystem. Of the allowances
transferred, 1.9 million (11.38%) were transferbtedween economically unrelated parties
In the first phase of the program, the allowaneditrg volume between economically distinct
parties was substantially increased from year tar,ysuggesting that firms are taking
advantage of the cost-saving opportunities provibgdemissions trading (Ellerman, 2003).
During 2000, the volume of transferred allowancesveen economically unrelated parties
jumped to above 12 million allowances and has dedlieach year to close to 7.5 million
allowances in 2004. This decline of the marketitigy is mainly due to the bankruptcy of
Enron in late 2001, which buffeted trading in tleéated electricity markets (EPA Progress
Report, 2006). In 2006, almost 6400 private alloweatransfers corresponding roughly to
22.4 million allowances happened in the market. &85 million (42.41%) were transferred
in economically significant transactions. Since 89%e volume of private transfers between
economically unrelated parties was in range fronR%&3to 70.4% of the total volume of
transactions. Given the sufficient significancetloé volume of interplant trading, the SO2
allowance market is thus reasonably liquid.

2 CBoT received no compensation for the service,was it allowed to charge fees. Beginning in Ma26i06,
CBoT decided to stop administering the auctionslting in EPA now conducting them directly.

® “Transfers between economically unrelated paréies considered a better indicator of liquid andrarit
markets than are transactions among the variods ofha given plant” (US EPA Progress Reports 12066).



Fig. 1. SO2 Allowances Transferred under the Acid Rain
Program
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Source: US EPA Progress Reports 1995-2006.

3. S0O2 allowance market fundamentals: a literatureeview

A straightforward way to identify the SO2 allowanmece fundamentals is to figure out the
main factors that affect supply and demand of aloses.

3.1. Supply factors

The supply of allowances is mainly influenced by tstringency of caps required from

generating electric plants, which is a functiorthed initial allocation. Therefore, a tightening

of SO2 emission limits can cause upward pressurallowances prices. Using an output
distance function approach to estimate the margibatement cost at Wisconsin coal-fired
utility plants, Coggins and Swinton (1996) findtthiae average price of marginal reduction in
SO2 emissions is $ 292.70 in constant 1992 dolEmey note that this marginal abatement
cost is higher than allowance prices at which tees fobserved trades have occurred,
suggesting that the difference can be explainedhbystringent local SO2 emissions rules
which require an emission rate no more than 1.2gswf SO2 per mmbtu of heat input by
1993. In addition, on March 2005, following the sess of the CAAA of 1990, the US EPA

promulgated theClean Air Interstate Rule (CAIR) that will dramatically reduce the SO2

emissions that moves across the boundaries in #8rasstates and the District of Columbia
in 2010. This rule establishes a cap-and-tradeesyshat will abate SO2 emissions by over
70 percent in 2015 from 2003 levels. As SO2 emmssitap is tightened, it would expect in
theory that the average cost of emissions reductiolways rise.

Banking is also a relevant determinant of the SGket price. Godby, Mestelman, Muller
and Wetland (1997), Mestelman, Moir and Muller (@Pand Cason and Gangadharan (2006)
show the important role of banking to smooth owt fhice volatility of allowances. They
highlight that banking allows efficiency gains te kachieved by equalizing marginal
abatement costs across generating utility plardterrigan (2003) and Ellerman and Montero
(2007) conclude that the level of banking in Phas@as not excessive but it reflect rather the
rational behaviour of the affected utility genemgtiunits provided by the change in total
emissions between 1999 and 2000, when the allocafi@llowances for affected units was
reduced by 50%. Given the decrease of the accueduktowance bank was concomitant



with the start of the increase of allowance pri¢ese Figure 2), it is plausible that the
declining allowance banking boosted allowancesegrias it make more generating units
reliant on the allowance market. Similarly, givlattbanked from the Acid Rain Program can
be used for compliance of the CAIR rule, theretisrg) evidence that generating units has
already begun to factor the future value of thekiednallowances today, thus increasing the
SO2 permit prices.

Fig. 2. SO2 Average Annual Prices and the Allowance Bank
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3.2. Demand Factors

Fluctuations in the consumption of SO2 allowanaespimarily driven by state and Public
Utility Commission (PUC) regulatory developméhts general, some of these rules required
the installation of scrubbers and other attempllimy cost recovery, pre-approval or return
on investment of the costs of particular compliaopgons and prohibited utilities to retain a
certain percentage of revenues from allowances.s@ifee goal of these actions is mainly to
promote local activity and protect employment ia thining of the high-sulfur coal within the
state. Therefore, these rules discourage allowaramkng in favour of other compliance
options, thus decreasing the price of allowancewvefal studies show that public utility
regulations and other state laws have influencedctist of compliance and implicitly SO2
allowance prices. Bernstein, Farrell and Wineb(k894), Winebrake, Farrell and Bernstein
(1995) and Fullerton, Mc Dermott and Caulkins (1P@¥aluate the cost of regulatory
interventions which restrict trading in some staed find that restrictions increase
substantially the cost of compliance. They findoalkat costs under a system of tradable
permits are higher than costs under a traditiommhmmand-and-control strategy. Arimura
(2002) examines the effects of PUC regulationshendhoice of compliance methods (fuel
switching/blending or additional allowance purchasader SO2 allowance market using data
of 1993. He finds that cost recovery rules encogifaigh sulfur coal use for generating units
located in states with high-sulfur coal. His probyibdel shows that regulations lead these
units to pursue a self-efficient strategy of fuelitshing/blending in compliance. He finds
also that the PUC regulations are stronger thah-sudfur coal protection law. Mizobuchi

* For a description of these rules, see Rose, Tagim Harunuzzaman (1998phi (1994), Rose (1997), and
Lile and Burtraw (1998).



(2004) modifies Arimura (2002) model and examine effect of PUC regulations from 1995
to 2001. He finds similar evidence of the strengftfPUC regulations at the beginning of the
SO2 cap-and-trade program but he show that the ufir coal protection regulation effect
become more strong in phases | and Il. Sotkiew2f2) and Sotkiewicz and Holt (2005)
attempt to quantify the effect of PUC regulatoryesuon the ability of cap-and-trade
emissions program to achieve least-cost abatenmehtreaximum cost-savings. Their model
includes data for the 431 generating units thatigpated in the SO2 program in 1996. The
simulation results show that PUC regulatory rulas induce generating units to deviate from
cost-minimizing behaviour.

The reduction in scrubbing costs per ton has dauied to the reluctance to trade allowances.
Burtraw (1996,2000), Carlson, Burtraw, Cropper and Palmer (2@0@) Ellerman, Joskow,
Schmalensee, Montero and Bailey (2000) find theatifflility afforded by the trading program
has encouraged the installation of scrubbers wgh hemoval efficiencies which contribute
to the decline in scrubbers costs and, thus aeaserin the use of scrubbers. Keohane (2003)
find also that scrubbing costs decrease with albeenmoting that such scale economies of
utilisation appear to be greater at the retrofigedibbers. Popps (2003) find similar evidence
of the role played by allowance market to increasprovement in the SO2 removal
efficiency of scrubbers.

An increase in relative low-sulfur fuel prices igected to boost SO2 allowance prices in the
short run, if it is substituted by high-sulfur fu#lsuch prices increase is sustained in the long
run, the price effect prevails upon the substitueéfect and therefore SO2 prices decrease via
the reduction in energy demand. The relative matgiosts of fuel switching and innovation
in fuel blending could affect positively SO2 allowance prices. Froeninant factor that has
encouraged substitution between coals is the pecéine of low-sulfur coal explained by the
decrease in mining costs (Kunce, Hamilton and @egrkR005) and the decline in railroad
shipping costs (Ellerman and Montero, 1998b) duthéoderegulation of the railroads under
the Staggers Act of 1980. In addition, the increa@atural gas and dual-fueled capacity
(generators that burn either natural gas or codlichvincreased the flexibility to switch
among coal and gas-fired power generation makegfteet of marginal coal-gas switching
costs more significant over time.

Weather conditions may affect positively SO2 pris#es electricity consumption. Indeed,
several studies, notably Le compte and Warren (19Bfmgle, Granger, Rice and Weiss
(1986), Peirson and Henley (1994), and Considin@0@2 have outlined the closer
relationship between electricity demand and weatAdthough previous studies do not
account for this variable to explain SO2 prices ement.

The composition of the Net generation electricity &nergy source is bound to affect
allowance prices via allowance demand. Given thataar generation is the second-largest
source of electricity supply, the availability oficiear generation often displaces the use of
fossil fuels because of its low production cosmi&irly, hydroelectric generation which is the
largest component of renewable electricity genenaéind exhibits the lowest production cost
in that category could also influence negatively tlse of fossil fuels. Indeed, substantially
less precipitation that reduce hydroelectric powssduction make an increase of power
production from coal plants, and as results SOzsions and SO2 permit prices tend to raise.

® For more details on fuel blending and switchingtsp see International Energy Agency (1993) and. U.S
Energy Information Administration (1994), respeetix



Finally, economic growth could also affect positywallowances prices because of the causal
interactions between economic growth and elegridiemand (Kraft and Kraft, 1978;
Helfand, Moore and Liu, 2007)able. 1. summarizes the different factors and tepected
impacts on SO2 prices.

Table. 1. Summary of SO2 price fundamentals

Factor Impact on SO2

* Supply factors:
- Initial allocation -
- Banking of permits -
* Demand factors:
- State and PUC regulation that restrict -
allowance trading
- Operating scrubber costs +
- Low-sulfur coal, high-sulfur coal,
petroleum and natural gas -

- Relative prices of low-sulfur coal +/-
- Relative prices of natural gas +/-
- Marginal coals-switching costs +
- Marginal gas-coal switching costs +

- Extreme temperatures +

- Nuclear generation -
- Hydroelectric generation -
- Economic growth +

Source: Coggins and Swinton (1996), Godby, Meste|mduller and Wetland (1997), Mestelman, Moir and
Muller (1999), Cason and Gangadharan (2006), Beimdtarrell and Winebrike (1994), Winebrake, Fihard
Bernstein (1995), Fullerton, Mc Dermott and Cauwk{i997), Arimura (2002), Mizobuchi (2004), Sotkiezv
(2002) and Sotkiewicz and Holt (2005), Burtraw (€92000), Carlson, Burtraw, Cropper and Palmer (2000),
Ellerman, Montero, Joskow, Schmalensee, and B4R&90), Keohane (2003), Popps (2003) Ellerman and
Montero (1998b), Zhang (2006), Le compte and Wa(t&81), Engle, Granger, Rice and Weiss (1986)sBei
and Henley (1994), and Considine (2000), Kraft Knafft (1978), Chicago Climate Exchange (2004glfand,
Moore and Liu (2007).

4. Data

Our analysis is based on monthly data covering#red of 1995-2006. Table 2 summarizes
the data, its construction and relevant data ssuiCiee data considers the spot market price
for SO2 permit, average overhead and maintenansts of flue gas desulfurization units
(scrubber), spot market prices for low-and-higHtsutoal, relative low-sulfur coal prices, the
spot market price for natural gas, the spot mapkete for petroleum, the consumer price
index, the spot market price for electricity, thelume of banked permits, the nuclear net
generation, the industrial production index, thee¢hmonth treasury constant maturity rate,
and total monthly degree-days.



Table. 2. Data and sources

Series Specifications Source

S0O2 Spot market price for SO2 permit ($/ton) Cafitrgerald
AOMCS Average overhead and maintenance cost€Energy Information Administration
(mills per kilowatthour)

LSC Spot market price for low-sulfur coal Energy Information Administration
($/mmbtu)
HSC Spot market price for high-sulfur coal Energy Information Administration
($/mmbtu)
LHSC Relative low-sulfur coal prices Energy Information Administration
($/mmbtu) = LSC/HSC (Authors calculation)
NG Spot market price for natural gas Energy Information Administration
($/mmbtu) (Authors calculation)
PET Spot market price for petroleum ($/mmbtu) Egdnjormation Administration
(Authors calculation)
CPI Consumer price index Federal Reserve Bank ol 8iis
ELEC Spot market price for electricity Energy Information Administration
($/Kilowatthour)
BP Banked permits (ton) US Environnemental Prodecti
Agency
NUCNG Nuclear net generation Energy Information Administration
(Thousand Megawatthour)
IPI Industrial production index Federal Reserve Bank of ST. Louis

(year 2002 = 100)
TC3M Three-month treasury constant maturity Federal Reserve Bank of ST. Louis
rate
HDD Monthly heating degree-days (Fahrenheit)  USdya Climatic Data Center
CDD Monthly cooling degree-days (Fahrenheit)  USidfal Climatic Data Center
HCDD  Total monthly degree-days (Fahrenheit) =US National Climatic Data Center
HDD+CDD (Authors calculation)

The spot market prices for SO2 permit are takemftbe brokerage firm Cantor Fitzgerald
which calculates it as an average of permit prare$ids to buy and offer to sell for current
vintages of permits. Fig. 3 displays the price dref permits during the 1995-2006 period.
The price of a permit has dropped from $ 137 peraticthe beginning of the program to a low
of just $ 70 in March 1996. Following this declirtbe price climbed over $ 190 per ton by
the end of 1998. In 1999, prices rose temporablyva $ 200 due partially to the planning for
the more stringent phase Il. During the second 6faf000, prices dropped down again to $
130 per ton but showed signs of a rebound at theerd of the year and remained relatively
steady through 2003. However, the price of permdreased sharply during 2004-2005
period, ending the period at about $1578.11 perafter beginning the price at about $ 260
per ton. This increase is due to initial unceriasas EPA finalized the Clean Air Interstate
Rule. This rule requires further SO2 reductionsrfrgenerating units in many eastern states
beginning in 2010. These additional reductions pptvard pressures on the expected
marginal cost of compliance in future years anddtoge, affect the market price of permits.
In 2006, however, permit prices has fallen shagplgling the year at about $480, due in part



to dramatic increase in average temperatures whegkes 2006 the warmest year on record
and to the self-correction of the expected margowst of reducing SO2 emissions under
CAIR as buyer and sellers were more completelyssesemarket fundamentals.

Fig. 3. The Evolution of SO2 Permit Prices
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The average overhead and maintenance costs atieembfeom the responses from electric
utilities survey Form EIA-767, “the Steam-Electitant Operation and Design Report”.

These costs include direct costs such as operatidgmaintenance staff labor, replacement
materials, and indirect costs such as overheadranse and administration. The volume of
permit banked is gathered from US EPA Progress Ref695-2006. Both data are available

on annual frequenéy We used linear interpolation method to changentlieto monthly
frequency.

To construct data on spot prices for low-and-highius coal, petroleum and natural gas, we
used data collected from EIA 423-Database “the MigrReport of cost and Quality of Fuels
for Electric Plants”. This database records deédecost, sulfur content, ash content, heat
content (mmbtu), quantity and the type of contaaichases of each fuel transaction at each
electric plant. The EIA 423 contains coal type thes for categories: bituminous,
subbituminous, anthracite and lignite. We used dataspot purchases. Between January,

® The average overhead and maintenance costs aavaiteble in 2006. We multiplied its value in 200 the

variation rate between 2004 and 2005 to obtainppnoximation of the average overhead and maintenaasts
in 2006.
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1995 and December, 1999, we used data only frorbl&TA plants”. After 1999, we used
data from all plants. Following Carlson, Burtrawp@per and Palmer (200@,SO2 emission
boundary of 1.2 pounds of SO2 per mmbtu of heattim@s used to distinguish low-and-high
sulfur coal. Given that the data set provides alifur (S) content, we use the following
formula obtained from Helfand, Moore and Liu (208 ompute SO2 content:

Scontent

———*10.000* conversion factor appropriate for thecoal = pounds SO2/ mmbtu
SO2content

The factors are 1.91 for bituminous coal and lofGtibbituminous coal. Because conversion
factors are not available for anthracite and lignive eliminated these types of coal when
distinguishing between the two types of coal. Taa pf Anthracite and lignite in total tons of
coals has ranged roughly from 0.045 to 0.091 irb32@06 period. Prices of coals, natural gas
and petroleum are the weighted average costs iar$nmbtu, and is calculated using the
following formuld*:

S (RAC)
Weighted A Cost =————
g verageCo Z(RA)

wherei denotes a plantk = receipts for plant, A = average heat content for receipts at plant
i; and,C, = cost in $ per mmbtu for plant

Industrial production index, three-month treasuoypistant maturity rate and consumer price
index are obtained from Federal Reserve Bank ofL8lis. Spot market prices for electricity
and nuclear net generation are taken from Ele&awer Monthly Reports 1995-2007. The
latter variable represents the amount of grosseamajeneration less the electrical energy
consumed at the generating station for stationiceor auxiliaries.

As shown in the Fig 4, the relationship betweenperature and SO2 emissions is highly
nonlinear, because electricity consumption increase both low temperatures (inducing
electricity use for heating) and high temperatufegusing air conditioner operation for
cooling). Hence, the appropriate climate varialleassess SO2 allowance prices is total
monthly degree-days (HCDD) which is the sum of rmgnheating and cooling degree-days.

Monthly heating degree-days function is definedHi3D, = Zmax(rref -T,,0) and monthly
t
cooling degree-days function is definedC&D, = Zmax(l’t -T. 0), whereT, is the daily
t

average temperatures aiiig is a reference temperature of 65° F which sepdnateold and

heat branches of the demand temperature relatipnsteating and cooling degree-days
measure the intensity and duration of cold or leatinter and summer days, respectively.
Total monthly degree-days are 1990 population-weiglaverages of U.S. regions weather
data.

" The list of “Table A plants” is available on th® & website: http://www.epa/air/caa/caa404.txt.
8 This formula is taken from Electric Power MontlRgports 1994-2007.
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Fig.4. SO2 Emissions by Calendar Quarter (1995-2006)
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Spot market price for electricity, nuclear net gatien and total monthly degree-days are
seasonally adjusted. We use the natural logaritomali variables. Table 3 provides the
descriptive statistics of the series used in thdeho

Table. 3. Descriptive statistics

S02 AOMCS LSC HSC LHSC NG PET

Mean 2311 0.061 0.117 0.141 -0.024 0.593 0.638
Maximum  3.198 0.139 0.303 0.361 0.080 1.084 1.050
Minimum 1.841 -0.018 0.012 0.038 -0.194 0.202 0.204
Std. Dev.  0.318 0.032 0.081 0.120 0.053 1.975 0.155

CPI ELEC BP NUCNG IPI TC3M HCDD

Mean 5.160 0.859 6.865 1.672 1.988 0.530 2.622
Maximum 5.318 0.948 7.065 1.802 2.051 0.806 2.720
Minimum 5.013 0.817 6.536 1.521 1.898 -0.067 2.525
Std. Dev.  0.086 0.036 0.144 0.085 0.042 0.266 0.036

5. Empirical results
5.1. Unit root tests

Unit root test results are needed to verify theeoraf integration of the variables since the
cointegration test is valid only if the majority ¢fie variables have the same order of
integration. In order to have robust results, wadtwmted 4 different unit root tests, namely
Augmented Dickey—Fuller (1979, 1981) (ADF), Ph#lgerron (1987) (PP), Kwiatkowski—
Phillips—Schmidt—Shin (1992) (KPSS), and Zivot @&mtirews (1992) (ZA) test. ADF and PP
tests have a null hypothesis stating that the sanequestion has a unit root against the
alternative that it does not. The null of KPSS,tba other hand, states that the variable is
stationary. In the literature, KPSS is sometimesdu® verify the results of ADF and PP
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because their probability of rejecting the fals@dthesis is low. Perron (1989) shows that
conventional tests (ADF and PP) is subject to n@isgjgation bias and size distortion when
the series involved structural shifts which leadsatfalsely failure to reject the unit root
hypothesis. Perron (1989) develop procedure tlsatfoe a unit root allowing for a one-time
structural change in the trend. But Perron (198@)$ has been criticised for treating the time
of break as exogenous. To capture the effect of @wssible structural break over the
estimation period, the ZA unit root test is usetijol is a transformation of Perron (1989)’s
unit-root test treating endogenously the presericang possible break in the series. In the
estimation, we allow both the break points andl#éigelength to vary endogenously. The null
hypothesis is that the variables contain a unit weith a drift that excludes any structural
break. The alternative hypothesis is that the sdasea trend-stationary process in which a
one-time break in the trend variable occurs at mknawn point in time. The results of the
unit root tests in Table 4 shows that most of theables are non stationary and integrated of
order 1, except for the LHSC, NG and HCDD seriegbl& 5 reports the minimum t-statistics
from testing the stationary trend. The minimumatistics is the minimum overall break point
regressions from 1995:1 to 2006:12. The resultsvdhat at 5% level of significance SO2,
BP, and TC3M are non stationary. The estimatedkipaaat for SO2 series is in April, 2004.
It coincides with the proposition of the CAIR byetliePA in January, 2004. The estimated
breakpoint for BP series is in January, 2000, whschoncomitant with the start of a more
stringent phase of SO2 reductions. The estimatedkipoint for TC3M series is in May,
2004, which is related to the raise in the benchrfederal funds rate.

Table. 4. Unit root test to individual series

Series ADF PP KPSS
Level First Level First Level First
in Difference Difference Difference
Test Test Test Test Test Test
logarithms | statistics | statistics | statistics | statistics | statistics | statistics
AOMCS -2.88 (2)] -3.03* (1)|-1.03 (1) -3.21* (1)| 0.59* (3)| 0.08 (3
LHSC -2.70* (2) - -5.74* (3) - 0.07 (3 -
NG -3.81* (3) - 0.18* (2) - 0.06 (3 -
PET 051 (2)] -16.62*(2) -2.28 (2)| -19.52* (2)| 0.24* (3)| 0.10 (3
LSC -3.16 (3)| -15.94* (3)| -4.06 (3)| -19.67* (3)| 0.19* (3)| 0.14 (3
HSC -3.29 (3)| -10.42* (3)| -3.44 (3)| -14.63*(3)| 0.36* (3)| 0.08 (3
CPI 577 (1) -7.83* (2)9.74 (1) -8.80* (2) 0.16* (3)| 0.05 (3
ELEC -0.79 (3)] -12.15*(3)| 1.86  (2)| -13.23*(2) 0.31* (3)| 0.06 (3
NUCNG -1.34 (1) -14.88* (1)| -1.55 (1)| -15.21*(1)| 0.21* (3)| 0.08 (3
IPI 465 (1) -11.40*(2) 3.70 (2)| -12.16*(2) 0.26* (3)| 0.15 (3
HCDD -4.80* (2) - -9.82* (2) - 0.08 (2 -

ADF: Augmented Dickey-Fuller test. PP: Phillips-Rer test. KPSS: Kwiatkowski—Phillips—Schmidt—SHih):
Model without constant or deterministic trend. ()pdel with constant, without deterministic treifd): Model
with constant and deterministic trend. ADF and PiEcal values are taken from MacKinnon (1991). KPS
critical values are sourced from Kwiatkowski, Fpsl Schmidt and Shin (1992). All null hypothesasept
KPSS are unit root; while, in KPSS null is statiotya *: Rejection of the null hypothesis at the Sgnificance
level.
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Table. 5. Zivot-Andrews minimum t-statistics

Series in logarithms t-statistics Periods
SO2 -3.53 2004:04
BP -4.89 2000:01
TC3M -2.87 2004:05

SO2 t-statistics is estimated from a break in o#pt and trend model; whereas BP and TC3M are at&in
from a break in intercept only. Critical values #rese reported in Zivot and Andrews (1992). RessHliow no
rejection of unit root hypothesis.

5.2. Cointegration analysis

Table 6 summarizes the results of static OLS raegsasand cointegration analysis (Engle and
Granger, 1987) among all variables in order toeste Eq. (1).

02, =C+4a,DU, +a,AOMCS +a,LHSC, +a,BP, +a,NUCNG, +a.IPI, +a,TC3M, 1)
+a,HCDD, + 4,

where C is a constant and DU is a dummy varialdegathe value of 1 in 11:2005, 12:2005,
01:2006, and O in all other months. This Dummy afsle accounts for the dramatically
increase in temperatures of the winter season 2006/that obviously affected the electricity
consumption and, thus the permit price. ADF anddas provide similar evidence to reject
the null of zero cointegrating vectors in favourasfe cointegrating vector at 5% level. The
results show that all the variables are statidyicaignificant into the cointegrating vector.
Fig.5 shows that the residual series has statiamnang.

Fig. 5. Actual, Fitted, Residual Graph
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Table. 6. Static Relation

Variables a
C -5.41%**
[-6.56]
DU 0.28***
[7.30]
AOMCS 4, 25%**
[12.92]
LHSC -0.65***
[-4.08]
BP -0.51***
[-4.81]
NUCNG -0.57***
[-2.98]
Pl 2.25%**
[12.12]
TC3M 0.42***
[9.48]
HCDD 0.52***
[2.72]
ADF test statistic -4.74**
PP test statistic -4.,92**

The adjusted R-squared of the static OLS regresision
0.95. The values into brackets are student t-stsis**
or *** indicate significance at the levels 5% or 1%

respectively

On the basis of the static relation, we obsens éirdownward shock in average overhead and
maintenance costs of flue gas desulfurization @¢sae in the long run permit prices. Indeed,
a decrease in scrubbing operating costs providesntives to use scrubbers to control
pollution in favour of trading permits, and thusripé& prices decrease. This result is
comparable to those of Burtraw (1996, 2000), Carl®urtraw, Cropper and Palmer (2000),
Ellerman, Joskow, Schmalensee and Montero (2000pp R2003) and Keohane (2003)
Secondan increasen relative low-sulfur prices increases permit pscindeed, in the long
run, the price effect prevails upon the substituaffect, lowering therefore SO2 prices via
the reduction in energy demand. Third, a downwairdanked permits increases permit
prices. This result confirms the role of bankednp&s to smooth out the price volatility of
permit prices (Godby, Mestelman, Muller and Wetld®®7, Mestelman, Moir and Muller,
1999, Schennach, 2000, and Cason and Gangadh&@g), Pourth, an increase of nuclear
net generation has a dampening effect on perngegriThis result confirms the theoretical
consideration. Indeed, unplanned nuclear plantgmstanake an increase of power production
from coal plants, and as results SO2 emissiongaser and SO2 permit prices tend to raise.
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Fifth, the coefficient for the industrial produationdex is positive and is consistent with
theory, indicating that an increase in industriedduction leads to raise SO2 prices via an
increase in SO2 emissions. Sixth, an upward shodkree-month constant maturity rate
increases allowance prices. This result is condisigith Schennach (2000) finding,
suggesting that the SO2 permit price follow thedHtg’s rule and rise as the rate of interest.
Finally, an increase of extreme temperatures, énlding run tends to raise SO2 prices. The
sign of the coefficient is as expected positive asdwell significant. Indeed, extreme
temperatures tend to trigger more energy demandirammdase permit prices via emissions
increase.This result confirms the appropriateness of inglgdiclimate variables in the
analysis.

We estimate the long-run relationship recursivelg aest for the stability of the long-run

relationship using the recursive estimation. Figst®ws that the recursive coefficients of the
sample data remained relatively unchanged duriaggtimation period.

Fig. 6. Recursive coefficients estimation
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5.3. Vector error-correction model

Once the cointegrating relationships have beenrméted, vector error-correction model
(VECM) can be performed. The following table sumizes the results of static OLS

regression and the vector error-correction analy&€T,, is the error-correction term,

obtained from the cointegration analysis (see tépl& denotes the first difference operator.
DU1 is a dummy variable taking the value of 1 in20®4 and 0 in all other months. DU2 is a
dummy variable taking the value of 1 in 07:2004 &nch all other months. These Dummy
variables account for the initial uncertaintiesEd®A finalized the Clean Air Interstate Rule.
DU3 is a dummy variable taking the value of 1 in2DD5 and O in all other months. This
dummy variable account for dramatically increastemperatures.

Table. 7. Results of the VECM analysis

Variables Coefficients
C -5.88-05
[-0.02]
ECT,, -0.12%**
[-2.75]
ASO2, , 0.35***
[4.70]
DU1 -0.15%***
[-4.43]
DU2 0.089***
[2.61]
DU3 0.11%**
[3.25]
AAOMCS 3.01%**
[4.33]
ATC3M 0.38***
[3.56]
ACPI,_, 2.18*
[2.20]
AHCDD,_, 0.16**
[2.42]
ALSC, , -0.14*
[-1.72]
ANG, . -0.11*
[-1.93]
APET,_, -0.08**
[-2.23]
AELEC, -1.70*
[-1.93]

The adjusted R-squared of the static OLS regressi@3. The values into
brackets are student t-statistics. *, ** or *** jjgdte significance at the levels

10%, 5% or 1%, respectively
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The signs of the coefficients are in line with theoThe coefficient in the lagged error
correction term measures the speed of adjustmeurtbteon equilibrium in the event of shock
to the system. This coefficient is negative andnifigant at 1%, implying long-run
equilibrium is reached. The coefficient of averagerhead and maintenance costs is positive
and significant at 1%, which is consistent withpoes literature on SO2 permit market
(Burtraw1996, 2000; Carlson, Burtraw, Cropper aranfer, 2000; Ellerman, Joskow,
Schmalensee and Montero 2000; Popp, 2003 and Kepl2@®3). The coefficient of the
three-month treasury constant maturity rate istp@sand significant at 1%, suggesting that
SO2 permit price follow the Hotelling’s rule andeias the rate of interest. The coefficient of
total monthly degree-days is positive and significat 5%. Indeed, SO2 permit demand is
driven by the degree of climate severity during swenand winter. This result confirms again
the appropriateness of including climate variabteshe analysis. The coefficients for the
low-sulfur coal, petroleum and natural gas prices reegative, indicating that an increase in
fuel prices leads to lift electricity productionsats, which decreases production and therefore
the demand for SO2 permits. An increase in elattnrice tends to decrease the demand for
electricity and therefore SO2 permit prices. Thgnf coefficient for the inflation is positive
and significant at 5%. Its positive sign suggediat taccelerating inflation conditions
contributes obviously to the raise in SO2 permitgs.

The CUSUM and CUSUMSQ stability tests were appt@ctrror-correction model and the
graphs representing the tests are presented inFaysd 8. As can be seen from the following
Figs., the plots of CUSUM and CUSUMSQ statistice arell within the critical bounds,
implying that all coefficients in the error-corrgxt model are relatively stable.

Fig. 7. Plot of CUSUM
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Fig. 8. Plot of CUSUMSQ
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6. Conclusion

This paper examined the movement of SO2 permiepramploying monthly data over the
period 1995-2006. The approach taken here is glifferent from previous studies since
weather conditions are taken into account in themesion procedure. Cointegration
techniques were applied to model the relationsbigvben, SO2 permit price, macroeconomic
variables, and microeconomic variables in the loagd short-run. The empirical results
suggest that in the long-run period SO2 permitepiscaffected by changes in the three-month
treasury constant maturity rate and weather canditi The stability test performed
demonstrates that the SO2 permit price remainedtively unchanged throughout the
estimation period. The empirical results using ecarrection model estimation suggest that
in the short run, SO2 permit price is mostly aféecby scrubbing costs, three-month treasury
constant maturity rate and weather conditioflse parameter stability of selected vector
error-correction model was checked through the CMSiihd CUSUMSQ tests which both
indicated the stability. Thus, our econometric modé SO2 prices may be used for
forecasting of SO2 prices.
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