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ABSTRACT

An enduring issue in environmental regulation isethler to clean up
existing “old” plants or in some manner to bringnaew “clean” plants to
replace the old. In this paper, a unit-level daaebof emissions by nearly
2000 electric generating units from 1985 through2@& used to analyze
the contribution of these two factors in accompilighthe significant
reduction of sulfur dioxide emissions from theseirses in the United
States. The effect on $@missions of the new natural-gas-fired, combined-
cycle capacity that has been introduced since 1938so examined. The
results indicate that cleaning up the old plants tmade by far the greater
contribution to reducing S{emissions, and that this contribution has been
especially large since the introduction of the, 8&p-and-trade program in
1995. The new natural-gas-fired, combined cycletsutiave displaced
conventional generation that would have emittecudB60,000 tons of SO
however, the effect has not been to reduce totaleéd@ssions since the 9.0
million ton cap is unchanged, but to reduce thengtyaof abatement

required of other units in meeting the cap andeethe cost of doing so.
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The Sources of Emission Reductions:
Evidence from U.S. SQ Emissions from 1985 through 2002

A. Denny Ellerman

Florence Dubroeucd

INTRODUCTION

Emissions can be reduced by emission rate redsctbrexisting plants or by
displacing those plants by other plants, frequendy units, with lower emission rates.
Accordingly, one of the enduring questions undadypolicies aimed at reducing air
emissions is the role of these two ways of redu@ngssions. A good case study for
analyzing their relative contributions is providegithe experience of the United States in
reducing sulfur dioxide (S£) emissions from the combustion of fossil fuels tbe
generation of electricity. These emissions havenlveduced by about 45%, from a peak
of about 18.25 million tons in 1975 when the Cle&in Act Amendments of 1970

became effective to 10.1 million tons in 2002, st year for which data is availale.

Since 1970, S@emissions have been subject to two distinctlyedéiit regulatory
regimes established respectively by the Clean AtrAmendments of 1970 and 1990.

The Clean Air Act Amendments of 197These amendments instituted a coherent and

effective regulatory system for reducing S€nissions whereby

! Ellerman is the executive director of the CenterBnergy and Environmental Policy Research
(CEEPR) and senior lecturer at the Sloan Schodllasiagement at the Massachusetts Institute
of Technology (MIT). Dubroeucq is a candidate fbe tmaster's degree in Technology and
Policy at MIT. Funding for this research from theviEonmental Protection Agency (STAR
grant #R828630) and from CEEPR is gratefully ackedged.

2 The decrease in S@missions from all sectors of the economy washsligarger due to the
disappearance of metals processing, mostly copgighin the United States. For the economy as
a whole, peak SPemissions were 31.8 million tons in 1973 and theyg declined to 15.8
million tons in 2001, or by 50%. (US EPA, 2003).



SOURCES OF S©EMISSION REDUCTIONS

a) existing facilitieswould be subject to emission rate limits imposgdState
Implementation Plans that were to ensure attainmietite National Ambient
Air Quality Standard for S§ and

b) new plantswould be subject to stringent New Source Perfoocaddtandards
that would require the adoption of best availaloletol technology.

These provisions had become effective by the micB&9wvhen national SGemissions

peaked and they have remained in effect to this day

The Clean Air Act Amendments of 1990tle IV of these amendments created a

nationwide limit on aggregate S@missions of approximately 9 million tons to be
achieved in two phases by an innovative cap-ardetprogram that issued allowances in
an amount equal to the cap and required all eteatiiity generating units to surrender
allowances equal to the unit's emissions. Since specific command concerning
abatement is given at the unit level, the operatdraffected units are free to decide
whether they will reduce emissions by lowering twdfur content of the fuel used to
generate electricity (either by switching or reittofg scrubbers) or by shifting generation
to lower emitting units including new units. Howey€&itle IV did not replace the source-
specific limits and technology mandates of theieatl970 Amendments. The cap and the
associated obligation to surrender allowances etjudahe tons of S@emitted is an
additional requirement imposed on top of the prsteyg structure of prescriptive

regulation’

The reduction in electric utility SOCemissions has been the more remarkable in
that the demand for fossil-fuel-fired generatiorel&ctricity has grown substantially since

1970 as shown in Figure 1.

® The super-imposing of Title IV on the pre-existipgescriptive rate limits, which are aimed
primarily at preventing adverse local health effenteans that some plants are not free to
increase emissions (and purchase allowances)attige, these pre-existing constraints have not
posed a serious impediment to trading under Tklesince the cap requires a significantly
greater reduction of aggregate emissions than ighratjuired to meet the National Ambient Air
Quality Standard for SO While generating units can trade only within grescriptive limits
imposed by the 1970 Amendments, these limits hagerne non-binding for most units.
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Figure 1. U.S. Fossil-fuel-fired electricity generation aB@ emissions, 1970-2002

In general, generation of electricity from fodsiél-fired power plants has
increased steadily while $S@missions have regularly declined. Since the pégreak
emissions, 1977, fossil-fuel-fired generation hagreased at an average annual rate of
2.0% while SQ emissions from these sources have decreasedaainanl rate of 2.4%.
The implied annual rate of reduction in aggrega@® $itensity for fossil-fuel-fired
generation is 4.3%, from 23 pounds of,3f@r megawatt-hour in 1977 to 7.76 pounds in
2002. In broad terms, this reduction in aggregatensity results from two effects: the
reduction in emission intensity or rates at indidtunits and the displacement of higher
emitting units by existing sources with lower ernussrates or new sources with

mandated lower emission rates.

While the trend in S@emissions since the mid-1970s is instructive,phst five
years offer an especially good opportunity to exemihe effect on emissions of the
introduction of low-emitting new generating uniSeveral factors—the need for new

capacity to meet continually growing demand, theiilability of more efficient,

* Over this same 25-year period, total electricigneration, including nuclear, hydro, and
renewables, has increased at an annual rate of 2.4%



SOURCES OF S©EMISSION REDUCTIONS

combined-cycle generating technology, and the eagfiea of relatively low natural gas
prices—coalesced in the late 1990’s to create anbioathe construction of new natural-
gas-fired generating capacity. Since natural gadgseomly trace amounts of $QOthe
deployment of these new units could be expectagdace S@ emissions considerably
as pre-existing, higher emitting generating units @isplaced in meeting the demand for
electricity. As of the end of 2002, the new gasdicapacity is estimated to be 133 GWe,
an approximately 20% increase in generating capaaitd another 56 GWe is under
construction and expected to be completed in tix¢ fleev years, mostly in 2003 (EVA,
2003). About half of this capacity consists of $#agycle combustion turbines that are
used mostly for meeting peak demand and offer fevany operating efficiencies
compared to existing capacity. The remaining hathe new capacity utilizes combined
cycle technology that offers marked operating @fficies that would be expected to lead
to greater utilization for these units and greatksplacement of existing units.

Accordingly, we focus mostly on the combined-cyatets.

Our purpose in this paper is to analyze the souofethe reduction in SO
emissions and, in particular, to distinguish betwtee effects of lower emission rates at
existing units and the displacement of higher engtgenerating units by lower emitting
ones, regardless of whether these are new unésisting units with lower emissions. In
doing so, we give particular attention to the reiduncin SQ emissions attributable to the
large increase in new natural-gas-fired capacityhm United States since 1998. The
methodology we employ in this paper does not disicdte between emission rate
reductions and displacements that respond to poliegsures and those that would have
occurred anyway because of other non-policy-reléetbrs affecting the electric utility
generating sector of the economy. Accordingly, thsults we report should not be
interpreted as being entirely due to regulatory suess, although a large fraction surely

is. Where appropriate, mention will be made ofrtba-regulatory factors.

® For instance, in the third quarter of 2002, corablisycle units constituted 52% of the new
capacity and 79% of the generation from the newfigag units.
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The next section of the paper explains the data aad methodology that is used
to identify the source of observed S€mission reductions. Results are then reported in
the next section, and a final section concludes.teBhnical explanation of the

decomposition methodology and the full data resarksprovided in appendices.

DATA AND METHODOLOGY
Adoption of the 1990 Clean Air Act Amendments, apecifically the decision to

allocate allowances to generating units accordingvierage 1985-87 heat input and the
1985 SQ emission rate, required the U.S. Environmentatdetmn Agency (US EPA) to
develop a more detailed and accurate data basehtihmexisted previously. This data
base lists annual S@missions and heat input at the unit level for @@0 generating
units from 1985 on. The availability of data ae thnit level is particularly important
since any given power plant will typically consit several generating units, usually
three to four but sometimes as many as a dozemllyduwilt in different years and
typically subject to differing regulatory requirents. Absent unit-level data, it would be
impossible to tell whether an observed change isgons at a power plant is due to
changes in emission rates at all or several uniteodhe changing utilization of the
constituent units with differing emission rates dese of different regulatory

requirements.

Our analysis is based on this data base from wdoate 1,000 rarely utilized, old,
and small units are excluded. The remaining 1,886 taccount for 99% of total SO
emissions from the electric utility sector durirg tyears 1985-2002 (US EPA, 2083).
Given this concentration of S@missions in two-thirds of the total generatingsitand

about 95% of total heat input), any perceptiblengieain total S@ emissions from the

® A unit is included in the data base if it meet® @i several criteria developed to determine
units that are significant in generating electyicithese criteria are: 1) more than 5 trillion Btu
heat input in any year from 1995 through 2001, ®yerthan 1 trillion Btu in any two years out
of four consecutive years between 1995 and 20010&AMWe unit consuming 1 trillion Btu in
a year with a heat rate of 10,000 Btu/kwh wouldegate 100 GWh of electricity in the year, or
1,000 hours (about 11% of the hours in a yeanilat&pacity.
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electric utility sector as a whole will be detereihalmost entirely by changes at these

1,890 significant units.

Since annual SPemissions are the product of heat input, measuredillion

Btus (mmBtu) and the emission rate measured in g¢®oh SQ per mmBtu (#/mmBtu),

changes in observed emissions from one year tonéx¢ at any given unit can be
decomposed into two components: a change in thaahamission rate, which would
reflect the use of a higher or lower Sémitting fuel or the installation of emission
control equipment, and 2) a change in annual mgattiat the unit, which may reflect a
change in aggregate demand for electricity or ffeceof displacement of one unit by
another in meeting any given level of demand. larlyeall cases, both effects operate,
often in off-setting directions; however, the relat contributions of each can be
identified using analytic techniques explained ftyidoelow and more fully in the

appendix.

While the causes of changes in emissions at anwidul unit can be
decomposed into two effects, changes in observedsems from any aggregate of
generating units must take account of the intevaatif all the units in the aggregate. For
instance, if one unit is utilized less, as measungdeat input or generation, and the
utilization of another unit is increased by the saamount, the effect on total emissions
depends on the emission rates at the two unithelfemission rate is lower at the unit
increasing utilization than at the other unit, kaanissions will decrease without any
change in the emission rates at the two units. ,Tfuusany aggregate, changes in total
emissions can be broken down into three componesmtsission rate reductions at
individual units, changes in aggregate demand chadges in the utilization of units with

differing emission rates—as represented in theahg equation.

1) dE = dEr + dEhgg + dEhpisp
where

dEr = the sum of the changes in emissions due togesam emission rates at
individual units,

dEhygg = the change of emissions that can be attribttedhanges in aggregate
demand without any change in emission rates avishal units,
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dEhpisp = the change of emissions that can be attribwtede displacement of some
units by others in meeting aggregate demand.

The left-hand-side variable of equation (1) is osé and the first two right-hand-side
terms can be easily calculated. The tefnis the sum of the change in emissions due to
changes in the emission rate at all constituertswamd the terndEhygg can be found by
multiplying the prior year's emissions by the perege change in heat input for the
aggregate. Any difference between the sumiEifanddEh,yg and the observed change in
emissions,dE, is due, by definition, to displacement, or theismion effects of the

changing shares in heat input of the units comjga$ia aggregate.

The availability of data indicating whether thelfberned in a generating unit is
coal or oil/gas allows us to decompose the disphace effect into a shift between fuels

and displacements among the units composing eatladgregate, as follows:

(2)  dEhbisp = dEhyet + dENwji,coa + dEhwi oilicas
where

dEh,e: = the change of emissions that can be attribtbedhanging shares of
generation between coal and oil/gas units,

dEhyi coa = the change in emissions due to a redistributifdmeat input among units
using coal, and

dEhyi oiicas = the change in emissions due to a redistributioheaft input among
units using oil or natural gas.

One easy way to visualize this decomposition ietall that the change in emissions due
to changing heat input at any individual unit résfilom the change in aggregate demand
for generation, any change in fuel shares, andviehgial displacements within the two
fuel categories. Imagine a situation in which thisreo change in the emission rates at
individual units so that all changes in emissiomsdue to these three demand effects. If a
coal-fired unit has increased emissions by 3% wdwjgregate demand has increased 1%
and the demand for aggregate coal-fired generdi@snincreased by 1%, one percentage
point of the observed three-percent increase irsgoms at this individual unit can be
attributed to each of the three effects: gghdEhe, and dER coar If observed
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emissions had not increased at all at this unitemtie other conditions applied, then it
could be said that this unit experienced a 2% rgaludén utilization due to displacement
by other coal-fired units. Once these differenaescalculated for all units constituting
some aggregate, they can then be summed to deteathiof the components in equations
(1) and (2).

Choosing the appropriate level of aggregation &ednining growth in aggregate
demand and changes in fuel shares in the UniteddsSig not obvious. Fuel shares differ
markedly by region, as do the growth rates in #megation of fossil-fuel-fired electricity.
Using the national aggregate would not provide ecueate estimate since it would
assume that generating units are part of one latggrated national market, which they
are not. At the other extreme, a state-level aggi@g would be similarly misleading
since electricity control areas often encompassersg¢vstates and electricity flows
frequently cross state boundaries even when coateals follow state lines. As a middle
ground we have used the nine census regions, thpasition of which is given in Table
1 below and for which regional aggregate data v@miin Table Al of the appendix.
Accordingly, we calculateélEhgg and the components dEhpisp on a regional basis and

then sum across the nine census regions to old#ional figures.
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Region States

New England CT, MA, ME, NH, RI, VT

Middle Atlantic NJ, NY, PA

East North Central IL, IN, MI, OH, WI

West North Central IA, KS, MN, MO, ND, NE, SD

South Atlantic DC, DE, FL, GA, MD, NC, SC, VA, WV
East South Central AL, KY, MS, TN

West South Central AR, LA, OK, TX

Mountain AZ, CO, ID, MT, NM, NV, UT, WY
Pacific CA, OR, WA

Table 1. U.S. census regions and constituent states

The greater efficiency of the new combined cyclésupresents a problem in
estimating the S©@emission reductions attributable to this new capa€he heat input
used by these new units is fully incorporated ithte components of equations (1) and
(2), but these units generate more electricity ysgt of input than conventional units.
Since electricity is the final output, some acctgtmust be made for this additional
displacement and emission reduction, which showsotherwise erroneously as a

reduction in aggregate demand.

This adjustment is made through a three-step psoge®xplained in more detail
in the appendix on methodology. First, the heatiirgavings attributable to the use of
combined cycle generating plants is determined.ol&erve an average heat rate (Btus
per kwh) of 7,400 for the combined cycle units avel assume an average heat rate of
10,000 Btus/kwh for the generation being displacktese figures imply that the heat
input displaced by these new combined cycle uri@5P6 greater than the heat input use
observed at these new units. The second step determine whether the increased
generation is displacing coal-fired or oil/gas dirgeneration, which we do on a regional
basis. The last step is to calculate the emissduoation by multiplying the displaced

heat input for each type of generation by the retspeaverage regional emission rates.

10
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DECOMPOSITION RESULTS
NATIONAL RESULTS FOR THE 1985-2002 PERIOD

Figure 2 below and Table A2 of the appendix shosvrtational change in S@missions
in tons by year for the 1985-2002 period and bytlinee components of equation (1), that
is, changes in the emission rate, changes in agigrelpmand, and changes in dispatch

among units from one year to the next.

2,000,000

1,000,000

(1,000,000)

tons SO2

(2,000,000)

(3,000,000)

(4,000,000)

85-88 88-89 89-90 90-91 91-92 92-93 93-94 94-95 95-96 96-97 97-98 98-99 99-00 00-01 01-02

|m dEr m dEhagg O dEh disp |

Figure 2: National change in S£emissions in tons by factor, from 1985 to 2001

The most salient feature of Figure 2 is the vergdaeduction in SPemissions in 1995,
the first year of Phase | of the Acid Rain Progranthis reduction is especially
remarkable in that 1) the cap applied only to a-setbof units in that year (albeit the
largest and most highly emitting units), 2) thes&tsureduced emissions far more than
was required to meet the cap in that year (or fyryear of Phase 1), and 3) the much
larger set of generating units that did not becsmigect to the cap until 2000 increased
emissions by some 439,000 tons in 1995 compardd1994.

The second largest annual reduction is in 2000,nvaieof the other generating

units were first subject to the Title IV cap anéréfore required to pay the going price of

11
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allowances (about $150/short ton in this year)drSO, emissions. The reduction in

2000 occurred despite the large accumulation okdshallowances from the Phase | units
(11.6 million tons) that would have easily covetkd abated emissions in 2000, had the
owners been willing to pay the price of an allonenthat they did not do so suggests
that the cost of reducing emissions at these wmits less than $150/short ton. The
broader point that emerges from the emission rezhgtobserved in these two years is
that, when a price must be paid for otherwise pidechiemissions, further reductions of

emissions can be achieved.

Setting these two years aside,,Snissions typically declined each year (11 out
of 15), but by much smaller amounts than were ofesein 1995 and 2000. Table 2
summarizes the emission reductions shown on Figurg component and period, pre-

and post-Title IV.

(000 tons SE) 1985-94 1994-2002 1985-2002
dEr - 2,343 - 6,001 - 8,345
dEh 444 +2,009 +2,748 + 4,757
dEh disp - 1,263 - 1,043 - 2,306
dE - 1,598 - 4,296 - 5, 894

Table 2. Emission reductions by component and period, 298%

As shown in the lower, right-hand cell, 2002 ,S@missions from electric utility
generating units had fallen by 5.9 million tonsnirtheir level in 1985, and they will fall
another million tons in order to meet the Phaseas the Phase | bank of allowances is
drawn down. The decomposition of this change shtiwed emissions would have
increased by 4.7 million tons over this period agsult of increasing generation from
fossil-fuel-fired generating units but this effect is more than offset by the corebin
effect of reductions in emission rates at exisumifs and the general displacement of

generation to lower emitting units. Of these twoission-reducing effects, by far the
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greater is the effect of emission rate reductidrgs effect is also notably larger after
1995 than before.

Moreover, not all of the emission reductions obedraver the pre-Title IV period
can be attributed to air emission regulations.rElEn and Montero (1998) estimate that
the effect of railroad deregulation in making lowfar western coals economically
competitive at Midwestern generating units burrimgal, high-sulfur coals reduced $0
emissions by about two million tons between 198% B8093. This reduction occurred by
switching units burning high sulfur mid-western kpartially or entirely to lower sulfur
western coal and by the greater utilization of ¢hesits. Applying their estimate to this
analysis suggests that about half of the 3.6 million reduction in S©emissions
resulting from emission rate reductions and diggi@ent from 1985 through 1994 was
due to reasons other than air emission regultidocordingly, the contrast in the
magnitude of the emission reductions associatdd saihventional prescriptive regulation
and the cap-and-trade requirements instituted tig IV is even greater than is suggested

by the cumulative amounts in Table 2.

The displacement component in emission reductidoserved since 1985 can be
further decomposed to reflect the emission effe€tshifts in the relative shares of coal
and oil/gas and of greater or less use of lowettgmiunits within each of these fuel
types, as shown below by year in Figure 3 and TABIef the appendix and cumulatively
in Table 3.

" This effect would be larger if it were calculafedm some unchanging base year emission rate,
such as in 1985, instead of from each succeeding y¢hich reduces the effect of increasing
demand in each year by the emission rate reduatidrdisplacement effects in prior years.

8 Keohane (2003) shows that the reductions in tlieeted price of low-sulfur western coal in

the Midwest came to an end in the early 1990s abtkie one-year difference in terminal years
between the Ellerman-Montero analysis and the aigily this paper is not likely to be great.
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Figure 3. Decomposition of the displacement effect by yE285-2002

(000 tons S@ 1985-94 1994-2002 1985-2002
dEh pet + 96 - 427 - 330
dEh wi_coal - 1,362 - 338 - 1,700
dEh wi o + 2 - 278 - 276
dEh gisp - 1,263 - 1,043 - 2,306

Table 3. Cumulative decomposition of the displacementiffe

By far, the largest component of the 2.3 million teduction due to displacement
of generation among fossil-fuel-fired generatingtsiover the 1985-2002 period is that

due to displacement among coal-fired units. Thisassurprising since the potential for

reduction is large given the range of sulfur conmong coals, from as low as 0.5 Ibs.

SO/mmBtu to more than 5 Ibs./mmBtu. Most of this retitan occurred in the years
before Title IV became effective and it is largelye to the shift to low-sulfur western
coal identified by Ellerman and Montero (1998pnce Title IV became effective, the
three components of the displacement effect areemmlanced and the largest
displacement component is a shift to more oil/g&sifgeneration. This shift is consistent

with the abnormally low oil prices experienced @98 and the installation of over 150

° Since units are dispatched on the basis of variattts, which are largely fuel costs, units
switching to lower cost, lower sulfur western caaluld tend to be dispatched more.

14
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GWe of new natural gas fired generating capacitjuging nearly 100 GWe of new

combined cycle capacity to which we now turn.

THE EFFECT OF COMBINED CYCLES ON SO, EMISSIONS

The critical issue in estimating the reduction i@,Smission due to the new
combined cycle capacity is determining what gemammats displaced. This question
cannot be answered satisfactorily without a disegafion to at least the regional level
because of the significant differences in the neglialistribution of the new combined
cycle capacity, differing patterns of displacemdayt region, and different regional
emission rates for coal and oil/gas fired genenatidhe regional distribution of the new
combined cycle capacity is given in Table 4 anditamithl data used in calculating the
effect of the new combined cycle capacity on, @issions is provided in Table A3 of

the appendix.

Census Region CC Capacity 2002Regional Share of Regional Share of Regional Share of

(MW@ CC Capacity 2002 US Oil/Gas Total Fossil
Generation, 1997 Generation, 1997
New England 6,109 11% 10% 2%
Mid-Atlantic 3,248 6% 13% 8%
East North 3,827 7% 2% 20%
West South 918 2% 1% 10%
South Atlantic 6,489 11% 19% 20%
East South 5,537 10% 2% 11%
West South 22,448 39% 40% 16%
Mountain 4,318 8% 2% 10%
Pacific 4,395 8% 11% 2%
USA (lower 48) 57,289 100% 100% 100%

Table 4. New combined cycle capacity and regional shafegneration

The regional distribution of combined cycle capa&itlows the pre-existing distribution
of oil and gas generation far more closely thadaés the pre-existing generation of
fossil-fuel fired generation. Five regions congtitg 93% of oil and gas generation in

1997 account for 75% of the combined cycle capabity only 48% of total fossil
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generation. The largest share by far of new contbayele capacity is in the West South
Central census region, encompassing Texas, OklahArkansas, and Louisiana, which
is also the region with the largest share (andlabsamount) of oil and gas generation.
Conversely, regions in which there was little pxéstng oil and gas generation received

a smaller share of the new combined cycle capacity.

A solid economic reason explains this pattern. Whew, more efficient units
compete with existing units using the same fuayttan be assured of being dispatched
first if all other factors are equal. However, whka competing units use a different fuel,
displacement depends upon the price differencedmtwatural gas and the other fuel. If
the price of the fuel firing the more efficient geation is greater percentage-wise than
percent savings in heat input, displacement witloazur. This has been the case for the
new combined cycle units when they compete agaiisting coal-fired units in the U.S.,
especially since late 2002 when natural gas prices to levels that are two to three times
the level of coal prices. There are, of coursegotiactors concerning location and
network dynamics that influence dispatch, but boddcombined cycle units where
reliance on less efficient natural gas generasaasready high provides greater assurance

of demand for generation from the new capacity abea less reduction of emissions.

Two distinct patterns of displacement occur, assitlated by the two charts in

Figure 4.
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Figure 4. Combined cycle and oil/gas shares in two censg®ns

The uppermost line on each chart represents thre shaeat input into oil/gas generating
units in that region, while the bottom line showe tshare of heat input going into
combined cycle units. In all regions, the sharecambined cycle capacity rises from
nearly zero in 1998 to some noticeable positiveesbg 2002. In cases such as the West
South Central census region, the share of combiyett heat input rose from 1% in
1999 to 19% in 2002. Over the same period, thd toteand gas share of heat input
remained relatively constant at 42%-44%. Obviousig,new combined cycle capacity in

this region has been displacing existing oil arsl g@pacity, not coal capacity.

The East South Central region presents a diffepesttire. The 2002 shares of
oil/lgas and combined cycle heat input are much Ilsmtidan in the West South Central
region, but the increase in the combined cycleesh@m zero percent in 1999 to 8% in
2002 causes the oil/gas share of heat input teaser by five percentage points, from 5%
in 1999 to 10% in 2002. Accordingly, it can be studt five percentage points of the 8%
increase in combined cycle generation displacetl ger@eration and the remaining three

percentage points displaced existing oil/gas géoeravhich is now 2% instead of 5%.

17
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When displacement is calculated in this mannegfionine regions for each year,
the amount of displacement depends not only oratheunt of heat input displaced by
the new combined cycle units, but also on the eonsste of the Btu's being displaced
from coal or other oil and gas-fired units. Figgrand Table 5 below provide the year-

by-year results for the nine census regions anddkien as a whole.

NEW MAT ENC WNC SAT ESC wsc MON PAC
i j | [r | | H | |:I | I:I

(20,000) -

(40,000)

(60,000)

(80,000) L

tons SO2

(100,000)

(120,000)

(140,000)

(160,000)

Census Region

[2 1999 m 2000 02001 O 2002 |

Figure5. SQ emission reductions due to new combined cycleaigpdy region and
year

000 tons St 199¢ 200( 2001 2002 Cumulative
New England -4 -19 -63 -68 -155
Mid Atlantic -13 -2 -2 -62 -79
East North Central 0 0 -1 -28 -29
West North Central 0 -3 -3 -6 -12
South Atlantic -13 -12 -42 -148 -215
East South Central -3 -13 -81 -109 -207
West South Central 0 -51 -3 -14 -68
Mountain -2 -9 -17 -5 -33
Pacific 0 0 -11 0 -11
Lower 48 States -35 -110 -225 -441 -810

Table 5. SGQ emission reductions due to new combined cycls,unytyear and region
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The two regions with the largest cumulative redurctfthe sum of the annual amounts)
are the East South Central and South Atlantic ceresgions. Even though they constitute
only a quarter of national combined cycle genemtithey account for 53% of the
national SQ reduction attributable to the new combined cyealeacity. The reason is that
the new combined cycle capacity in these regiosglated more coal generation and the
emission rate associated with the displaced ca@rgdion is relatively high. In contrast,
the much larger displacement of existing generatiothe West South Central region

reduced S@emissions by considerably less because no coalagson was displaced.

A final observation about the effect of the new bomed cycle capacity on SO
emissions concerns the interaction between theseunéds and the Title IV cap. While
the new combined cycle capacity clearly displacediegation that had higher $O
emissions, aggregate s@missions are no lower than they would otherwisesihce the
SO, emissions cap is fixed. The effect of the new capacity is then to redhesamount
of abatement required from the other, mostly coabfunits. Consequently, the effect of
the new combined cycle capacity is not to reduteah&SQ emissions but the emission

reduction required of other generators of eledjriand therefore the cost of achieving the
SO, cap.

The extent to which the cost of Title IV has beeduced can be estimated. As
shown in Table 5, the cumulative reduction in,®@issions attributable to the combined
cycle units as of the end of 2002 is approximat@dp,000 tons. The method for
calculating the simple counterfactual for 2002 (Efllerman et al, 2000) vyields
counterfactual emissions that are 6.9 million tgresater than observed emissions of 10.2
million tons; however, this method does not takeoaat of the assumed 35% efficiency
gain and greater displacement per unit of heattiapaociated with the combined cycle
units. When this correction is made, counterfaca&umaissions are 7.1 million tons higher
than observed emissions. After subtracting the@@{on emission reduction due to the

new combined cycle units, the remaining units redu8Q emissions by only 6.3 million

19 This effect does not apply for any uncapped emissisuch as NQemissions in many states
and CQ emissions.
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tons or about 11% less than what would have beguiresl to meet the same electricity

demand without the new combined cycle units. .

Assuming a linear relation between quantity andefor incremental abatement
at the current margin, the marginal cost of abateraad the price of allowances is 11%
less than it would be absent the introduction ef lew combined cycle capaciyThe
average price of allowances in 2002 was about $a6@&h would imply marginal costs
that would have been $16-$17 higher. Additional boved cycle capacity came on line
in 2003, approximately equal in capacity to thadextlin 2002, so that the ultimate effect
might be larger, but this would depend upon the wrm@f displacement by this new
capacity and the data reported so far for 200 atds decreasing total oil/gas generation
over the past year, probably because of the highradagas prices that have been
observed since the end of 2002. If a round numigee to be used for the total effect of
the new combined cycle capacity in reducing thegmat cost of abatement, say $20 per
ton, the implied annual savings in electricity ciss$180 million when multiplied by the

Phase 2 cap of 9 million tons of S@missions per year.

CONCLUSION

The major source of Smission reductions in the United States sincé 18&
been the reduction of emission rates at existingsuBisplacement of higher emitting
units by lower emitting ones, whether newly consied or existing units, has also
contributed an important share of the total reduncthowever, this factor alone has not
been sufficient to offset the increase in emissitias would have occurred as a result of
continuing growth in aggregate demand. Our anabisis indicates that Title IV has been
more effective in reducing emissions during théneigears it has been in effect than the
conventional, source-specific, prescriptive regafathad been in reducing emissions in

the ten years preceding 1995.

1 This is not to say that allowance prices havesfalis the new combined cycle capacity came
on line since its effect of the allowance marketilddhave been anticipated.
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The effect of the new combined cycle capacity iswbat might be expected at
first sight. These units have clearly displaced enbighly emitting generating units,
although most often not coal-fired units, but tifee has been to reduce the cost of
abatement, not total S@missions. When emissions are capped, exogencisssauch
as the introduction of more efficient combined eygkeneration results in less required
abatement by other affected units, in this instamoestly coal-fired units. From the
standpoint of the competition among contendingsiuttlis effect is ironic but it is small
and the ultimate beneficiary is the consumer wheoahy pays slightly less for electricity

without any change in this attribute of environnag¢iguality.
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APPENDIX |I: DECOMPOSITION METHODOLOGY

Decomposition of changes in emissions at the unével

The SQ emissions produced by a generating unit irttthgear can be described as:

e =r*h

whereh; is the heat input (i.e. the energy contained éftiel burnt during year t) angis
the emission rate (i.e. the amount of ,Snitted per unit of heat input). The change in
SO, emission between year 0 and t can be describeal fasction of four observed

values hg, hy, ro, andry, such that
de, =rh —rhy = (r, +dry, )(h, +dhy, )—roh,
de,, =rodhy, +hydr,, +dry, dhy,

where thedy /s denote the observed change,im or h between yead andt.

The change in emissiondg; can also be represenied (h,r) diagram:

It

o

droyt ho
drodho;
dhy,ro

ho h

Figure 6. Representation of the heat input, emission rateeani$sions of a generating
unit in a (h,r) diagram

In this diagram the surface of the x ro rectangle is equal to the emissia@sand the
surface of theh x r; rectangle is equal to the emissioms The differencea — @ is
represented by the striped areas. The diagramlyclglaows thatde,; can be separated

into three components:
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A1 = (ry - ro)howhich is created by a change of the unit's emissi@
A, = (h - ho)rowhich is created by a change of the unit’s heatiinp
A3 = (r¢ - ro)(ho - ) which is created by both changes

We adopt the convention of splitting the third cament evenly and attributing each half
to the other two components so that we can atgibut- 45 /2 to a change of emission

rate andi, + 43 /2 to a change of heat input, which gives us:

- the change in emissions due to a change inimat

dr,.d
de, = rhy, + T

- the change in emissions due to a change in theissem rate

dr, . d
de =y + T

When a unit is either shut down or put online @kherh, or h; is equal to zero), we set

de = 0 and attribute all the change in emissions¢bamnge in heat input.

Accounting for the interaction of individual units with others in some aggregate

The two components accounting for changes in eamssat the unit levellg andde,,
have differing characteristics when the unit issidared as part of some aggregate, such
as an electricity grid® A change in emission rateg, such as that resulting from the
installation of a scrubber, is a unit specific actithat does not imply a change in the
emission rate at other units in the aggregate.olmrast, a change in heat input at an
individual unit,dg, , will always reflect some change in the aggregaat ith shared by
other units or is the result of the interaction agh¢he constituent units. For instance, a
change in aggregate demand would be expected ¢atadfl units in some measure.
Similarly, changes in fuel prices or in conditioms the electricity network, would be

expected to change the contribution of constituents to meeting aggregate demand.

24
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While the observed change in heat input at anylesingit results from changes in
conditions affecting the aggregate, the contrilgufactors can be analytically separated
into three components: the change in aggregatertgraay change in the contribution of
coal and oil/gas units viewed as sub-sets, andchagge in the utilization of individual

units within each fuel share.

More formally, heat input at théh unit can be decomposed into three components.
h' — ' = dhagg + dhper+d i .

where

dhaggi is theith unit’s share of the change of heat input forabgregate:

dh;gg = H_hI)(Ht - HO)

0

with Ho, H; being the aggregate heat input for yéars

dhyet reflects what would be the change in itreunit's heat input due to a change in the
share of the subset of units constituting “fuel iIK”yeart assuming no change in the

shares of the constituent units in that fuel subset

[ h(l) ( _ *Ht): i Ht,fuelX_Ht
dhe, = H o, fueix H e fueix = H o, ueix Ho s Ho fuex Ho

with Ho fueix Hifueix the aggregate heat input for ‘fuel X' units forays0, t

dhy' is the remaining part ofy — hy which will be equal after substitution and
cancellation to:

i i He e
dh,,, =h -h—

H 0, fuelX

dhyi reflects the effect of any change in the rolehgfith unit within the fuel X subset

after allowing for changes in aggregate demandf@nany change in fuel share.

2 We use regional aggregates defined along the tihtiee U.S. census regions, but the
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With these definitions, the new decompositiondaf; in the (h,r) diagram for a unit

experiencing an increase in heat input due tdedlet factors is:

M droh

y o0,tho
lo / ro haggi dro haggi
;"% o hbeti "'% drO,thbeti
/ WAL Tl L2 drohwi

s
hO h),ﬂ I'b*H t,fuelX h
HO HO,fueIX

Figure 7. Representation of the decomposition of the heaitiapd associated emissions
of a generating unit in a (h,r) diagram

Returning now to the formulae for changes in eraissi we can decompode, ; into four

dh‘,j

J [ J“ oty
Hofue| t, fuel O,fueIH0

Ot]dh,v/l _[r + OtJ tfuel hoj

All the above equations are unit-level equations.régate numbers can be obtained by

adding up theléyof all the units of the databasgg, = > de, .

ildatabase

components:

de = drOt(
d - 399 [

déhw/. :{r +

d@ bet

methodology applies for any aggregate.

26
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Special considerations for combined cycle units

Combined cycle units present a problem in accountimgtheir effect on emissions
because they are markedly more efficient in gemgradlectricity than conventional coal
and oil/gas generating units. The decomposition ndetlogy presented above is based
upon heat input, not electricity, which is the fipmbduct. So long as the heat rate, the
number of Btu’s used to produce a kilowatt-hour etgicity remains relatively constant
from year to year and among units that would substitut one another on the electricity
grid, no great distortion results from using heat ingpaithe proxy for electricity output.
However, with the recent introduction of a signifitaamount of combined cycle
capacity, this assumption no longer holds and some atlosvmust be made to recognize
that the emission reduction resulting from the disptaa@ of conventional generation by
new combined cycle units is greater than would bé&atdd by a similar displacement

among conventional units.

More formally, so long as combined cycles did not @ldsrge role in generation, such as
was the case until 1999, it was reasonable to assumeihgf = dEhecwhere the left-
hand-side of the equation is defined as the changamissions due to the observed
change in heat input and the right-hand-side, ashhage due to the assumed change in
demand for electricity from fossil-fuel-fired gentng units. With the introduction of a
significant amount of combined cycle generationg® term is requiredjEh., defined
as the change in emissions due to the unobserved Ipeits@vings resulting from the
zero-fuel (thus zero-emission) electricity generatiop the heat recovery unit of
combined cycle facility. Conceptually, this new teoan be defined in the following
manner:

dEhc =dEhygg— dEhyec
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If the share of combined cycle generation in thgregate is increasing, thefthyec >
dEhygy and dEh. will be negative, and vice versa if the share of loimed cycle

generation is decreasing.

EstimatingdEh,. required two analytical tasks to be performed. Fretnbined cycle
units were identified within the subset of oil/gastsinSecond, the heat input savings
associated with combined cycles was estimated. Atdipgearance, all of the information
required to perform both tasks appeared to be imjtlagterly reports whereby emissions
are reported to the U.S. Environmental Protectigerny, hereafter called the CEMS (for
Continuous Emissions Monitoring System) database, wkitbrd not only emissions but
also heat input and electricity generation at thielewel, as well as identifiers for the fuel
burned and the type of unit. In fact, cross checkk wiher sources revealed that labels
identified as combined cycle in the CEMS database wet always such and that some
not so labeled were combined cycle units. Companwgtin data reported to the Energy
Information Agency and data obtained by web seamcti direct calls enabled us to
identify 276 out of the 948 oil/gas units that cobklconsidered combined cycle units in

that these Btu-using generating units had an assotiat¢decovery unit.

A more serious problem was that the generation rgpdotecombined cycle units in the
CEMS database was often only the generation frongdkeurbine and not the additional
power from the associated heat recovery unit. Fstainte in 2001, out of the 276
combined cycles, 52 units had an average heat raieeab0,000 Btu/kWh. From
discussions with the owners of some of these units, wealfthat the data reported to the
EPA on the CEMS forms sometimes contains only the géoarfor the turbine (which
is the Btu-using and emitting unit) and not the getien from the (non-emitting)
recovery unit. Consequently, there is no reliable haoetwithin the CEMS data to
determine which combined cycle units had completeeggion data and which were
incomplete. To remedy this problem, we used anotteabdse from the Energy

Information Administration, EIA Form 906, which rep®electricity generation and heat

28
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input for all units for the year 2001. We took &k tunits from the EIA database that were
also present in the 276 combined cycles list of the SHElsita and selected a group of 41
units that had been in operation for more than twartgrs (thereby avoiding heat-rate-
diminishing start-up problems) and showed steady geoerand generally high
utilization. This subset of fully operational combinggtles experienced an average heat
rate of 7,400 Btu/kWh.

The heat input savings from combined cycle units was #asily calculated using an
assumed average heat rate of 10,000 Btu/kwh forezdional generating units. Dividing
10,000 by 7,400 provides the assumed heat input saah@5% that we use for
estimating the emission reductions from the conventige@eration displaced by the new

combined cycle units.

More formally, it is possible to calculate the tdtaht input displaced by combined cycles
as the sum of the observed heat input of CCs and anag¢stof the heat input saved by

the recovery unit:

hiCC.disz hicc,obs"' hiccysa\/ fOI’ any CC Unll

Since the combined cycle units are present in thabdae we use, the change in
emissions associated with change$igopsare already included idEhe; and dEhy oc.
dEh. is an adjustment, required to account for the emisssawings due to the greater
efficiency of combined cycle units, that dependshgsa,, which is related in turn to

hicc‘obsas f0| |OWS:hiCC’SaV: 0.35*hicc‘obs

Finally, the savings for theéth region can be summed across unitstH&:sav= Zhj:c,sav

ilcc,regionY

Furthermore, if we assume that the displacementaltigetheat input savings cc sav IS

proportional in all respects to the displacement oooasl by the observed heat input at
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combined cycle units, d& obs then the heat input savings can be similarly brak@mn
into a component displacing coal generation andhemadisplacing other oil/gas units.
Thus:

- coal OIG _
Ht,cc,sav— Ht,cc,sav + Ht,cc,sav - Ht,cc,sav* ( (yQ:oaI + %O/G)

The calculation of6c.a and %o, can be illustrated taking New England between 1999
and 2001 as an example. Figure 8 represents the ieat shares of coal units,

conventional oil/gas units, and combined cycle units.

100%

80%

60% - m Coal
O O/G single cycle
40% A O O/G combined cycle
0% ‘
1999 2000 2001

Figure 8. Shares of Heat Input from coal, oil/gas single cyclesa@igas combined
cycle units in New England between 1999 and 2001.

Three patterns of heat input displacement by comligelgs are possible.

i) If the share of coal heat input either increasestays equal from one year to the next,
then there is no coal displacement and combined cyetelusively displaced oil/gas
units. We then simply calculate the emissions savings diyguthe average oil/gas
emission rate. Accordingl$ocoa= 0 and%gp,c = 1.

ii) If the share of heat input from coal decreasesentiban the share of combined cycles
increases, then we assume that the combined cyclehaviésdisplaced coal units only
(and that conventional oil/gas single cycles have digal coal as well). Thi®goa= 1

and%g,g = 0.

30
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i) Finally, if there is a decrease in the share eathinput from coal smaller than the
increase in the share of combined cycles, then we asthanthe combined cycle units
have displaced both coal and oil/gas units as foll&@gs = - (Ht’°°""_H°'°°a') and%o/c
tccobs™ H 0,ccobs
= Ycoal - L
Once %0 and %o, have been calculated for each region and eachbgtareen 1999
and 2002, the corresponding emissions savings can thealdugdated using the average
regional (or other aggregate) emission rates of cgal and oil/gasroc, which are
observed. Thus,
— | O/lG _
Et,cc,sav— Et,cc,sa\?oa + Et,cc,sav - Ht,cc,sav* ( (yctoal*r coal T %O/G*r O/G)
Table 6 shows the values obtained fiith,,, as well as the SOsavings due to the
displacement of generation by the entire combinedecynit, which is related to the
savings by a factor of 1.35/0.35 or about 4)
SO, savings due to CCs’ heat recovery unit SO, savings due to CCs as a whole
(dEhy)

1999 2000 2001 2002 1999 2000 2001 2002
NEW -1,051  -4974 -16,397 -17,703 -4,052  -19,185  -63,246  -68,283
MAT -3,253 -610 -632  -16,096 -12,547 -2,353 -2,438  -62,083
ENC 0 -9 -260 -7,315 0 -35 -1,004  -28,213
WNC -36 -711 -657 -1,480 -138 -2,744 -2,532 -5,709
SAT -3,343  -3,228 -10,989  -38,397 -12,893  -12,452  -42,386 -148,102
ESC -852  -3,385 -21,074  -28,342 -3,287  -13,056  -81,286 -109,319
wscC -56  -13,154 -833 -3,503 -216  -50,738 -3,212  -13,511
MON -402 -2,402 -4,436 -1,343 -1,552 -9,264  -17,110 -5,179
PAC 0 0 -2,951 -74 0 0 -11,382 -285
USA -8,002  -28,473  -58,229 -114,252 -34,685 -109,825 -224,596 -440,685
USA Cumul. -37,466  -95,694 -209,946 -144,510 -369,106 -809,792

Table 6. SGQ emissions savings due to the electricity generation disdlay combined
cycles between 1999 and 2002

APPENDIX Il: DATA TABLES
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Table A1. Heat input, SQ emissions, and average emission rates by region

1985 1988 1989 1990 1991 1992 1993 1994

New England

Heat input 484 527 556 485 461 413 327 331

SQ emissions 380 406 409 354 337 306 234 212

Emission rate 1.568 1.540 1.470 1.461 1.459 1.483 1.430 1.283
Middle Atlantic

Heat input 1,818 1,962 2,031 1,923 1,843 1,737 1,657 1,627

SQ emissions 1,645 1,694 1,696 1,670 1,623 1,557 1,465 1,429

Emission rate 1.809 1.727 1.670 1.737 1.762 1.793 1.767 1.756
East North Central

Heat input 3,456 3,601 3,662 3,741 3,808 3,713 3,906 4,069

SQ emissions 5,435 5,149 5,232 5,167 5,091 4,784 4,673 4,686

Emission rate 3.145 2.860 2.857 2.762 2.673 2.577 2.393 2.303
West North Central

Heat input 1,518 1,756 1,754 1,800 1,825 1,754 1,829 1,933

SQ emissions 1,582 1,355 1,317 1,311 1,306 1,169 974 1,088

Emission rate 2.085 1.543 1.502 1.457 1.431 1.334 1.065 1.126
South Atlantic

Heat input 3,341 3,661 3,817 3,640 3,634 3,678 3,873 3,867

SQ emissions 3,372 3,559 3,527 3,469 3,420 3,457 3,444 3,306

Emission rate 2.018 1.944 1.848 1.906 1.882 1.880 1.778 1.710
East South Central

Heat input 1,795 1,919 1,797 1,910 1,932 1,969 2,235 2,157

SQ emissions 2,234 2,245 2,310 2,354 2,267 2,342 2,556 2,354

Emission rate 2.489 2.340 2.571 2.464 2.347 2.379 2.287 2.182
West South Central

Heat input 3,340 3,331 3,324 3,335 3,344 3,311 3,503 3,456

SQ emissions 802 677 715 732 750 774 838 763

Emission rate 0.480 0.406 0.431 0.439 0.448 0.468 0.478 0.442
Mountain

Heat input 1,643 1,974 2,038 2,043 2,009 2,138 2,097 2,201

SQ emissions 480 428 466 454 442 466 457 484

Emission rate 0.585 0.434 0.457 0.444 0.440 0.436 0.436 0.440
Pacific Contiguous

Heat input 707 646 639 569 543 681 590 728

SQ emissions 75 76 78 71 71 84 87 86

Emission rate 0.212 0.235 0.245 0.248 0.263 0.248 0.295 0.235
National

Heat input 18,102 19,378 19,619 19,446 19,398 19,394 20,018 20,369

SQ emissions 16,006 15,591 15,751 15,581 15,306 14,939 14,727 14,408

Emission rate 1.768 1.609 1.606 1.602 1.578 1.541 1.471 1.415

Note. Heat input in trillion Btus, emissions in tlsand short tons, emission rate in [b,A®nBtus.
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Table Al (con’t). Heat input, SQ emissions, and average emission rates by region

1995 1996 1997 1998 1999 2000 2001 2002

New England

Heat input 369 413 558 550 505 470 511 512

SO2 emissions 204 195 265 274 243 211 192 128

Emission rate 1.105 0.943 0.950 0.996 0.961 0.897 0.750 0.500
Middle Atlantic

Heat input 1,695 1,699 1,839 1,961 1,858 1,870 1,827 1,917

SO2 emissions 1,324 1,292 1,369 1,420 1,283 1,270 1,241 1,170

Emission rate 1562 1.521 1.490 1.448 1.381 1.359 1.359 1.220
East North Central

Heat input 4,250 4,579 4,707 4,875 4,791 4,832 4,619 5,450

SO2 emissions 3,258 3,667 3,804 3,762 3,489 3,015 2,761 2,730

Emission rate 1.533 1.602 1.616 1.543 1.457 1.248 1.195 1.002
West North Central

Heat input 2,211 2,259 2,320 2,417 2,422 2,472 2,484 2,190

SO2 emissions 996 959 918 939 896 790 813 974

Emission rate 0.901 0.849 0.791 0.777 0.740 0.639 0.655 0.890
South Atlantic

Heat input 4,253 4,579 4,792 5,056 5,073 5,059 4,870 4,888

SO2 emissions 2,750 2,954 3,086 3,269 3,148 2,840 2,713 2,746

Emission rate 1.293 1.290 1.288 1.293 1.241 1.123 1.114 1.124
East South Central

Heat input 2,534 2,513 2,620 2,570 2,676 2,762 2,724 2,406

SO2 emissions 1,781 1,807 1,866 1,823 1,767 1,651 1,496 1,099

Emission rate 1.406 1.438 1.424 1.418 1.320 1.195 1.098 0.914
West South Central

Heat input 3,775 3,830 3,880 4,142 4,266 4,361 4,142 4,205

SO2 emissions 924 96 994 971 984 836 834 841

Emission rate 0.490 0.506 0.513 0.469 0.461 0.384 0.403 0.400
Mountain

Heat input 2,200 2,302 2,378 2,499 2,507 2,601 2,650 2,587

SO2 emissions 503 489 507 484 434 408 418 391

Emission rate 0.457 0.425 0.426 0.388 0.347 0.314 0.315 0.302
Pacific Contiguous

Heat input 467 454 504 594 643 866 1,003 708

SO2 emissions 60 83 70 88 104 98 87 32

Emission rate 0.255 0.367 0.278 0.297 0.325 0.227 0.173 0.089
National

Heat input 21,753 22,629 23,598 24,663 24,740 25,292 24,829 24,863

SO2 emissions 11,799 12,415 12,880 13,030 12,349 11,119 10,554 10,112

Emission rate 1.085 1.097 1.092 1.057 0.998 0.879 0.850 0.813

Note. Heat input in trillion Btus, emissions in tlsand short tons, emission rate in [b,A®nBtus.
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Table A2. Decomposition of US S{mission changes from 1985 to 2002 (tong)SO
85-88 88-89 89-90 90-91 91-92 92-93 93-94 94-95
dEr (1,006,068)  (21,095) 68,099 (151,580) (431,379)  7(854) (333,388) (3,262,739)
dEh agg 1,158,880 177,574 (24,002) 36,217 (176,880) 676,632 160,129 1,085,564
dEh disp (567,998) 4,032 (214,656) (159,150) 241,372 (42D,64 (146,430) (431,280)
dEh bet 17,003 (61,896) 54,290 972 131,061 (4,149) (40,983)  (40,992)
dEh w/i_Coal (585,000) 65,927 (268,946) (160,123) 110,311 (2a%),4 (105,447) (390,288)
dEh w/i_OG 14,837 (2,671) (7,520) 21,081 (885) (4,928) (17,920) (112,684)
dE (415,185) 160,511 (170,559) (274,513) (366,887) 11(269) (319,689) (2,608,455)
95-96 96-97 97-98 98-99 99-00 00-01 01-02
dEr (116,650) 18,020 (118,570) (504,606) (1,375,826) 4,047) (576,993)
dEh agg 535,560 556,647 499,392 (35,830) 154,141 (289,325) 242,235
dEh disp 196,802 (109,935) (230,446) (140,263) (8,622) (@a8) (107,741)
dEh bet 152,300 (76,646) (227,473) (33,027) 9,076 (70,293) (139,518)
dEh w/i_Coal 44,502 (33,289) (2,973) (107,236) (17,699) (140)775 31,777
dEh w/i_OG (16,480) 33,494 27,133 (30,322) (52,333) (60,269) 66,537)
dE 615,712 464,732 150,376 (680,698) (1,230,307) (R (442,498)
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Table A3. Data for calculating combined cycle S@emission reductions, 1998-2002

1998 1999 2000 2001 2002
Heat input into combined cycle units(trillion Btu)
New England - 7 37 105 191
Middle Atlantic - 10 11 10 58
East North Central - 0 0 7 41
West North Central - 1 6 15 19
South Atlantic - 14 24 52 253
East South Central - 4 29 113 193
West South Central - 61 139 381 783
Mountain - 6 41 74 162
Pacific Contiguous - 0 0 21 95
National - 104 287 778 1,796
Combined cycle share of fossil-fuel heat input
New England - 1.4% 7.9 % 20.6 % 37.4%
Middle Atlantic - 0.5% 0.6 % 0.5% 3.0%
East North Central - 0.0% 0.0% 0.1% 0.8%
West North Central - 0.0 % 0.3% 0.6 % 0.9%
South Atlantic - 0.3% 0.5% 1.1% 52%
East South Central - 0.2% 1.0 % 4.2 % 8.0 %
West South Central - 1.4 % 3.2% 9.2% 18.6 %
Mountain - 0.3% 0.5% 1.1% 52%
Pacific Contiguous - 0.0 % 0.0 % 2.1% 13.5%
National - 0.4% 1.1 % 3.1% 7.2%
Oil/gas share of fossil-fuel heat input
New England 68 % 65 % 61 % 66 % 68 %
Middle Atlantic 29 % 31 % 28 % 29 % 32%
East North Central 2% 2% 2% 2% 6 %
West North Central 2% 2% 2% 2% 2%
South Atlantic 18 % 18 % 16 % 18 % 20 %
East South Central 5% 5% 5% 8 % 10 %
West South Central 43 % 42 % 44 % 43 % 42 %
Mountain 4% 5% 7 % 9% 9%
Pacific Contiguous 75 % 77 % 84 % 85 % 80 %
National 18 % 18 % 19 % 20 % 20 %
Average emission rate for coal unitglbs. SQ per million Btu)
New England 1.31 1.32 1.32 1.32 1.00
Middle Atlantic 1.88 1.86 1.75 1.77 1.60
East North Central 1.58 1.49 1.27 1.21 1.02
West North Central 0.79 0.75 0.65 0.66 0.90
South Atlantic 1.39 1.35 1.22 1.21 1.29
East South Central 1.44 1.35 1.23 1.13 1.01
West South Central 0.81 0.79 0.67 0.69 0.69
Mountain 0.41 0.36 0.34 0.34 0.33
Pacific Contiguous 1.18 1.43 1.40 1.15 0.44
National 1.22 1.16 1.03 1.00 0.97
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