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1. INTRODUCTION

1.1 POWER PLANT PLUME PHOTOCHEMISTRY

Exhaust gases from power plants that burn fossil fuels contain
concentrations of sulfur dioxide S, nitric oxide (NO), particulate matter,
hydrocarbon compounds and trace metals. Estimated emissions from the
operation of a hypothetical 500 MW coal-fired power plant are given in Table
1. Ozone is considered a secondary
pollutant, since it is not emitted

.. .... ..... .....directly into the atmosphere but is ... .. ....... .. ..... .. .. ....... .. .. .. .... ...... . . .. ....... .. ...... .. ........ . .... ...... .... .... ... .. ...... .... . ........ ... .... .. . .. . .. . ......... ....... ..... ......... .
formed from other air pollutants, ��v �iVonsfj o eX: . ......... .... ........ ...... ........ . . . . . .. ........ .... ...... .. .. .. ...... . .. .. .......�seqon .�p J. 0.�.specifically, nitrogen oxides (NO) ... d 10:11

...... .. ..... .

..... . ........Js��wo ...... em1 .. ed:�:�sWlrect in.and non-methane organic compounds ...... . ........ . ... . . .... ...... ....... . ...... .... . ........ .. .. . .....(NMOQ in the presence of sunlight. M Skeh!�!:&aw. ow a ........ ... ......(NMOC are sometimes referred to as . .... .. .. .... . .. .... ........
r .0 . .........hydrocarbons, HC, or volatile organic th . . Mutan

. . ........ ......... ._.: . .......... ................ ..... . ..... .. . ..... ... ....... ... .....

visecompounds, VOC, and they may or .... .11 M M � :Oxl..:..S. . ........ ........ ...... . . .................. . ....... .............. .... .. . .. ..... ... ..... ........ .... .... .. ......an .... kalffie...... . ......may not include methane.) 0V . ...... ....... .. .................... ..- X X : . ..... ............ .. ... .. ............ ..... .....�� Oun:.. S... ... ..... ......._0 ........ ... ... ....... ........ .... ................. ......... . .. .. . ..... ....... I. ........ .. .. ........ .............. ... ............ ........ ..... ............ ...Additionally, ozone formation : ` h �' :::::e:: '' .1. � � ......Alternative. WSW ��W$Rfffihi'.. .... .. .... ......... ... .. .. ........ .. .. .... .. ............ . ........ .. ... .. .......... . .............. .. ...... . .......is a function of the ratio of NMOC .. .... ....... ..... ............. .. .. ... .. ............... ....... ........ ......... ....... ... ...... . .. ..... . .. ..
concentrations to NO,, concentrations.
Figure I is a typical ozone isopleth
generated with the Empirical Kinetic Modeling Approach (EKMA) option of the
Environmental Protection Agency's (EPA) Ozone Isopleth Plotting Mechanism
(OZIPM-4) model. Ozone isopleth diagrams, originally generated with smog
chamber data, are more commonly generated with photochemical reaction
mechanisms and tested against smog chamber data. The shape of the isopleth
curves in Fig. I is a function of the region (i.e. background conditions) where
ozone concentrations are simulated.

The location of an ozone concentration on the isopleth diagram is defined
by the ratio of NMOC and NO,, coordinates of the point, known as the

'Based largely on Ph.D. dissertation by C. M. Mclivaine.
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Table 1. Controlled emission rates from the operation of the
hypothetical 500 MW coal-fired power plant.

Emission rate for operation phase

Pollutant Tons/GWh Tons/year Grams/sec

F,4STERN COAL

NOY 2.90 9520 273.9

S02 1.74 5712 164.3

Hydrocarbon 0.06 210 6.0

TSP 0.15 485 14.0

PM10 0.10 323 9.3

WESTERN COAL

NOX 2.20 7236 208.2

so,, 0.81 2660 76.5

Hydrocarbon 0.09 293 8.4

TSP 0.10 310 8.9

PM10 0.06 207 6.0

BOTH COALS

Arsenic 2 x 104 0.66 1.9 X 102

Cadmium 3X 106 0.01 2.9 x 104

Manganese 1.3 x 104 0.44 1.3 x 102

Lead 9 X lo, 0.31 8.9 x I '

Selenium 5 x 10' 1 0.17 1 4.9 x IO'

NOTE: NO,, nitrogen oxide
so, sulfur dioxide
TSP total suspended particles
PM,, particulate matter less than or equal to 10 microns in diameter
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Fig. 1. Typical ozone isopleths generated with the EKMA option of EPA's
OZIPM-4 model. The NO.-limited region is typical of rural and suburban
areas and the VOC-limited region is typical of highly polluted urban areas.

Source: National Research Council (NRC) 1991).
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NMOC/NO,, ratio (NRC 1991). The diagonal line from the lower left to the
upper right corresponds to an NMOC/NO,, ratio of approximately 8/1. This line
can be used to define two areas of the graph. Areas to the left of the line have
low NMOC/NO,, ratios and are described as NMOC-limited. In these areas,
such as highly polluted urban areas characterized by relatively high
concentrations of NO, the addition of NOX emissions results in little or no
increase in ozone concentrations and may actually result in lower ozone
concentrations due to the scavenging of ozone by Nx emissions (see equation
I below). The area to the right of the line in Fig. I has high NMOC/NOx ratios
and is described as NX-limited. Rural areas, such as the Southeast Reference
site, and suburbs downwind of cities are often characterized by high
NMOC/NOx ratios. Since the only source of ozone in the troposphere is the
photolysis of N02 (equations 2 and 3 below), any increase in NOx emissions in
NOX-limited areas results in higher ozone concentrations (NRC 1991).

While most large power plants are considered significant sources of NO,,
emissions, NMOC emissions from power plants are not considered significant
and do not typically require control. Since NMOC emissions from power plants
are not present in sufficient quantities to provide an optimal hydrocarbon to NOx
ratio within the plume, ozone formation from the emissions of power plants is
the result of a complex series of reactions involving NO,, emissions from the
plant reacting with ambient concentrations of hydrocarbons, hydrocarbon
derivatives and ozone. Ambient hydrocarbons may be from either man-made
or natural sources.

Initially, ozone that may be present in the ambient air, during daylight
and evening hours, reacts with the NO from the power plant to form nitrogen
dioxide NO2) and oxygen 02), described by the reaction:

NO 03 - N2 02

This reaction causes the characteristic ozone depletion observed near the stack
in power plant plumes. Ozone depletion is defined here as ozone concentrations
within the power plant plume that are less than those outside the power plant
plume. In the presence of sunlight, within the first few tens of kilometers of the
plant, the photochernis within power plant plumes (with low hydrocarbon
concentrations) can be described by these three equations (White 1977), known
as the N2 photolytic cycle:

NO 03 N02 02

N02 hv NO + 0(3p) [2]

0(3p) +02+M- 03+M [31

where M is any energy-accepting third body, usually nitrogen ND or 02, and
O( 3p) is one of two electronic states of oxygen known as the triplet-P (Seinfeld
1975). NO, absorbs ultraviolet energy from the sun which breaks the molecule
into NO and a ground state oxygen atom 0P). Energy from solar radiation is
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represented by hv, which is the product of Planck's constant (h) and the
frequency of the electromagnetic wave of solar radiation (v). The net effect of
these three reactions is conversion of the NO emissions to N02with no increase
in ozone concentrations.

The net generation of ozone in power plant plumes can only occur in the
presence of reactions which compete with the ozone depletion reaction [1].
Further downwind, as the plume disperses, ambient air containing pollutants
from other sources, most importantly reactive hydrocarbons, becomes entrained
into the plume. Reactive hydrocarbons in the ambient air participate in a
complex series of oxidation reactions which result in the formation of highly
reactive radicals.

An extremely important intermediate compound in this series of reactions
is the hydrocarbon derivative, formaldehyde. Formaldehyde is also emitted
directly from such sources as automobiles, forest fires, manufacturing, printing,
and spray painting (Graedel 1978). Formaldehyde reacts in the presence of
sunlight to form the highly reactive hydroperoxy radical HO2) by the reactions
(Carlier et al. 1986):

HCHO + hv - H. + HCO- [4]

HCO + 02 H02 + Co [5]

Ozone depletion is slowed by the reaction of NO with the hydroperoxy
radical HO2):

H02 + NO -- OH N2 [6]

as the ozone generating reactions 2] and 3] continue in the plume. Eventually,
the ozone concentration within the plume may exceed abient (i.e. outside the
plume) levels.

The formation of ozone is controlled by a combination of conditions,
including abient ozone concentrations which provide the mechanism necessary
for the initial conversion of NO to N2, reactive hydrocarbon concentrations
of the ambient air mass, and the rate of entrainment of ambient air within the
plume. These conditions, as well as sufficient photochemical activity, determine
whether ozone levels in the plume will eventually exceed ambient levels to form
the widely documented ozone 'bulge' (Keifer 1977; Meagheret al. 1981; Luria
et al. 1983; Gillani and Wilson 1980; Davis 1974).

To summarize, the major factors in the formation of excess ozone in
power plant plumes are:

1. NO, emissions from the plant,

2. ambient ozone concentrations,
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3. reactive hydrocarbons,

4. favorable ratio of ambient hydrocarbons to plume NO,,

5. atmospheric mixing, and

6. sufficient photochemical activity (sunlight and temperature).

1.2 MODELING OBJECTIVES

The coal fuel cycle analysis requires that an estimate be made of ozone
concentrations that occur in the vicinity of a coal-fired power plant located at
the Southeast Reference site, due to emissions of nitrogen oxides (NOJ and
non-methane organic compounds (NMOC) from the plant. A discussion of the
probable impact from emissions from the plant located at the Southwest
Reference site is given in Section 5. Estimates of the peak daily ozone
concentrations, due to the plant, for each day of the ozone season, are needed
for the health effects analysis. The crops and vegetation effects analysis requires
an estimate of the seasonal 9 a.m. to 9 p.m. average ozone concentrations due
to the plant. These modeling requirements present a unique challenge, since all
the currently available computer models which simulate ozone formation are
designed to predict hourly and instantaneous ozone concentrations, over a period
of several days at most. These predictions are primarily for comparison to the
National Ambient Air Quality Standard (NAAQS) of 120 ppb (one-hour
average) not to be exceeded more than once per year.

Modeling studies in the U. S. have, so far, concentrated on assessing
ozone concentrations under episodic conditions over periods from one month to
one year. Recently, attention has been given to the long-term ozone problem
over periods from one month to one year. Simpson 1992) reports that De
Leeuw et al. 1990) and Hov and Flatoy 1991) have used trajectory models to
calculate long-term ozone concentrations in the Netherlands and Norway and
Christensen et al. 1991) has developed a long term Eulerian model. Simpson
(1992) proposes three reasons for this trend: (1) the most commonly applied
approach to ozone assessments;is the episodic study which generates results for
a period of a few days; it is not clear how these results are generally applicable
to other time periods; 2 in order to evaluate the performance of photochemical
models, it is important to assess a wide range of eteorological conditions
including low ozone conditions; and (3)'vegetation'damage is thought to occur
over the growing season (typically several months), so that models must be able
to evaluate how changes in emissions and meteorology affect average an peak
ambient ozone concentrations over a similar time period.

Similarly, human health effects studies show that longer term exposures
to lower concentrations may have adverse effects. Studies in the past have
looked at short-term exposures to high ozone concentrations. The� National
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Research Council reports that controlled human studies and field health studies
have indicated the need to consider a period longer than one hour for exposure
to ozone (NRC 1991). Clearly, there is a need for an ozone model capable of
predicting ozone concentrations over periods of several weeks to several months.

The most readily available computerized models which may be used to
simulate ozone formation from power plants are the Reactive Plume Model
(RPM), the Urban Airshed Model (UAM) and the Ozone Isopleth Plotting
Mechanism Model (OZIPM-4) developed by Systems Applications Incorporated
(SAI) (EPA 1991; EPA 1989; SAI 1989; SAI 1987). The RPM and OZIPM-4
models are trajectory models and the UAM model is a grid based model. The
RPM and UAM models typically require extensive input data and require the
use of either a mainframe or minicomputer. At the inception of this study, the
OZIPM-4 model was the only personal computer based model. All three models
incorporate the Carbon Bond IV (CB-4) chemical kinetic mechanism which
contains 81 chemical and photochemical reactions used to simulate the
interactions of 34 species that influence the formation of ozone (NAPAP 1990;
Gery et al. 1989).

For this analysis, the OZIPM- ........ .. ........ .. ..........
....... . ... ... . .. . ................ .. . ....... .. .... a X ... . . .... . .. ......... .... . .. .. .... ... . ..... .. . .. ........ ..... ....... .. .... .... .. . ........ ........ . .. ..... .. ...... . ....... .. . ..... ........... .. . . . .. ...... ..... ......

4 model was incorporated into a new ::HJO �.e. �:.W" ..... . ........... ... .... ...... .. ..... .. .. ........ .. . . . .. ............model (M apping Area-wide .. . .. .. .. ..........ora in ..... . new ............ .... .......................... . . ........... . .. .. .. ... ...... ... ... .....Predictions of Ozone, MAP-03) .. .. ........ .... . .. ... ....... ... .. ................... ............... ...................... .. .....which can be used to predict ozone ... ...... .......... W . . . .................. . .. ... ......... .... ...... ............ ........ .. ..... .... ............ .. ... ..... .. ..... .....ti WHO ...... .........P d" 0 .concentrations: (1) throughout a study AP .............. ..... .. ... .. ... ..... ..... . ... ..... . ...............area, providing more spatial ....... tch.. . .. . . .. .. ......... ........... .................. .. ....... .. .... .. .... ... ........ ............ .... ......... .. .. ... .......... .. .... ......... . . .......resolution than trajectory models and ::.....Pre letpjohet6fteen: ralons:-. . ........ .. . .. ... .. ..... .. ......... ... ............................ .. ......... .... ...... .... . .. .......... . . ..... . . ........ .. .. ... .
(2) over longer time periods (e.g., ro#9TOU:::,.�:d..:s u Vwreg............... ��::: � �

iT ........ ... . .. .. ... ..... ..several months to the ozone season), o am.... ........ .. . ....... . ............. .. ............................ .. .. ... ...... ... ....... .. .. ... .. ..... . . . . . .... .. ......... .............. . ........ .... . . ...... t .................. .... ............ i o ....vproviding temporal resolution not .... ....u: ion.:: r.. .. .. ............. ................ . .... . ...... ... ... ..... ..found in other ozone models. The ................... ..................... ........... .. .. ........... ... ................ . .. ... ... ... ... .. .. ... ... . ... ........... .. .. ... ..... ... .. .e , S .... ....... . ....... . .. ... ....... . .......... ... ......... . ..... . ........... ......... ....gOZIPM-4 model was selected for this ........ ....... ......
Several.....analysis for several reasons: (1) the :1 . .......... .... .. ........ . ............ ......... ........ ...... ... ... .... ..... . .... ... ....... ...... ...... . ..... ... ...model incorporates the same chemical one ...... .. .. ........................ .. .... . .......... ... ... .... ............ . ................. .... ............................... .. . ..... .. ..... ........ ... ....................................... ..... .. .. ............................... . ...... . . ... . ..... .. ......... . ..W............ . ...... ........... .. .................. . ...........

mechanism as other ozone models ...... ... . .. ...... .. .. . .......... ........ ..........................(CB-4) 2 the relatively short run- O1.J* 0d. .... .. . ........ ... ...... ............. ...... .. .. . . ........ .... .. ..... . . .... ............ .. .. . .. .. .. ......... . .. . . . ............... ... ........ ..... .......... ...... . ............. . . .. ..... . .. ........ .... ... .. .... .. .. ..... ..... .. .... .. . . .. .... ...time of the OZIPM-4 model makes it .. .......... .......... .. .. .... .. . .... ...... ..... .... .......... ......... .. .. ...... .......... .......... ........ -. ....... ....... .... .... .. .... ............. .... ... .... ... ...... ... ........ . ..... ........... . .. . ........................... .. ............. ... . ....... .. ..... . ... .... ..... . .. . .. ........ . .................. .. . . ..... . .. . .. . .... .. ........... . ......... .. .. . ...... . .. . .. ....
possible to predict seasonal ozone ...... .
concentrations that would not be
feasible with the other models (a one-day simulation with the OZIPM-4 model
takes less than one minute on most personal computers whereas single-day
simulations with the UAM model can take one day and longer on a mainframe
computer); 3 the implementation of a personal computer model requires
significantly less commitment of resources than do models which require either
mainframe computers or minicomputer work stations; 4 preliminary modeling
using OZIPM-4 has shown it to be sufficiently robust to predict ozone depletion
within the plume, where ozone concentrations are below ambient concentrations,
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as well as areas where ozone concentrations are 20 to 30 ppb above ambient
concentrations ('ozone bulges'); and (5) OZIPM-4 modeling results to date
compare favorably to measurement studies using aircraft flights through power
plant plumes (McIlvaine 1994).

The OZIPM-4 model was developed to simulate ozone formation in
urban plumes for the purpose of computing VOC emissions reductions necessary
to attain the NAAQS for ozone.
There is a common misconception ..... . .... .......... ....... ..... .............. ....... .. ........ .. ..... ......... ........ .. .. .......... ..... ..... ..I.. .... ....... ... .. ..... .. ........ .that the OZIPM-4 model cannot be . ......... .... ........

xx:�� a !:�::Xused to simulate ozone formation ..... ... ... .... ..ere,4k:a:x6m m on:� .. ......
from large point-source emissions. .. . . ... ......... .. .. .. . . ..... . ....... ..... .. ..... ... .. . .... . . .. . ... .....For example, Hogo and Gery 1988) . ...... ...... ..... . ... . . .. ...... . . ........ .. .. ....... .. .. ........ .. .... . .. .. .. .. ............ .............. ..state that the m odel should not be . .. ..... . .... ....... .. ..... .

.. ........applied to rural areas or to the .. .......
OM Po'

development of control strategies for . .. .. ..... .......
:our: evnissions.............single or small groups of emission ....... .. ... .. ...... . . .... .... .. .. ..... ...... . .. .. .. .. ......... ... .... . . ...... . ... . ........... ..... .. .. . ..... . ..... . ... ... .. . ... .... . . .. . .....

sources, unless special attention is
given to current limitations and
assumptions. However, as discussed below, the OZIPM-4 model can, in fact,
be used to simulate ozone concentrations due to NO,, emissions from a single
source.

The OZIPM-4 model combines simplified meteorological assumptions
with a chemical kinetic mechanism to mathematically simulate physical and
chemical processes occurring in the atmosphere. In the OZIPM-4 model, a
column of air containing ozone and precursors is transported along a trajectory.
Figure 2 is a sketch of the column of air in the OZIPM-4 model that is used to
simulate the formation of ozone due to emissions from an urban plume.
Typically, in an urban simulation the column is initialized with anthropogenic
emissions of NO,, and non-methane organic corn ounds (NMOC) during the
period from 6 to 9 a.m. As the column is transported downwind of the urban
area, it may encounter fresh precursor emissions of anthropogenic and/or
biogenic origin, that are mixed uniformly within the column. The column
extends from the earth's surface through the mixed layer. As the column
moves, the -height of thecolumn increases, (i.e. its volume increases) and air
above the surface layer is mixed in. Concentrations of NMOC species, Nx and
ozone within the column are physically decreased by dilution due to the rise in
mixing height and are increased by the addition of fresh emissions from ground
level and by entrainnient of any pollutants contained in the air aloft (EPA 1989).

Figure 3 is a sketch of the, column of air in the OZIPM-4 model used to
simulate ozone formation due to emissions from a large point source plume.
Initially, the column height is defined by the depth of the plume. Within less
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Fig. 2 Sketch of the column of air in the OZIPM-4 model that is used to simulate the formation of
ozone due to emissions from an urban plume

Source: C. M. McIlvaine, Ph.D. dissertation 1994).
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than one hour of travel time o sunny summer days, the plume (i.e. the column)
mixes to the ground due to vertical mixing caused by solar heating. After this
time the fate of the column is identical to that of one which originates in an
urban area (i.e. encountering additional precursor emissions either at ground
level or aloft, as it travels downwind). Refer to Section 35 and 36 for a more
detailed discussion of the relationship between the plume and the mixing height
as it is simulated in the OZIPM-4 model. Mcllvaine 1994) provides a detailed
discussion of the use of the OZIPM-4 model to simulate ozone formation in
power plant plumes as well as a model validation exercise in which ozone
concentrations predicted with the OZIPM-4 model are compared to ozone
measurements made in the plume of a large power plant.

2. CONCEPTUAL DISCUSSION OF THE MAP-03
MODELING METHODOLOGY

This section is intended to provide a general description of the MAP-03
ozone model and modeling methodology that were developed for the fuel cycle
analysis. The MAP-03 modeling methodology was applied to the coal-fired
power plant located at the Southeast Reference site. Figure 4 is a flowchart of
the modeling methodology used for this study. The entire modeling
methodology is referred to as the MAP-03 modeling methodology. This
includes the adaptation of the OZIPM-4 model to predict ozone concentrations
due to emissions from power plants, as well as the actual development of the
new MAP-03 model. The IAP-03 model predicts area-wide ozone
concentrations over the ozone season, by combining ozone concentrations
predicted with the OZIPM-4 model with plume trajectories calculated from wind
speed and direction measurements. The NIAP-03model is also used to predict
seasonal average ozone concentrations, as well as daily peak ozone
concentrations over the ozone season throughout the study area.

As discussed in the introduction, the effect of power plant NO,, emissions
on ozone concentrations is a complex function of meteorological conditions,
hydrocarbon concentrations (due to maninade and/or natural hydrocarbon
emissions), as well as, ambient concentrations of ozone and ozone precursors.
Since the various combinations of these conditions is unique for each day, the
task of predicting ozone concentrations over a period of several months is
complex and time-consuming. One alternative to modeling each unique day of
the ozone season is to model a few days which represent the range of conditions
expected to occur over the time period of interest. This approach was chosen
for this analysis.
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A range of parameters that are characteristic of conditions which result
in low, median and high ozone concentrations were identified from a case
analysis of ambient ozone monitoring data and the corresponding meteorological
observations. These parameters were used in the EPA OZIPM-4 model to
predict existing ozone concentrations at the Southeast Reference site (without the
power plant) for three composite base case days. These three base case
scenarios were then used in the OZIPM-4 mdel to predict ozone concentrations
expected to occur as the result of the
power plant NO,, and NMOC . .... .... .. ... ..... ..... ..... .. .....emissions on high median and low ... . ... . .. .. . ........ . . ... .. . . . ....... .. . . .... ..... .. . ....... . .. ... .. .. . ......... ..... .. ... . . ... ..... ........ . . .. ....

ozone days. The difference between befteew�..Ihe��:�. .. .. ..... .
the base case simulations and the base: casasimuladon&,��an &Ihe..... ..... ..... . ... .. ..
plant simulations is the increment of ;:��:�SJM a tons. IS Make. ....... .......

ozone due to the plant emissions �.ozvne.:.,:. e:.increment du id
under high, median and low ozone ..... ..�ph S..... ........ ...conditions. . .. ...... ........ .. . .. . ....... .... ..... ......... .. .. .. ..... .... .. . . .... ...... . .. . . ......... . . .. ...19� ....... .. ..... ..... .... . .... ................. ..... .. . .. ......... . . . . .. . .... .. ...... ..... . .... ...... .....Each day of the ozone season Xondi Ion& ...... .. ... .. ..... .. .... ....... . ... ......... . .... . ..... .. ... .... ...... . ..... ................ ................. .......... .... .. .. .. .... ...... 11 !Interestin g l y!! .. ..... ... .. . .. . ........
was identified as either a 'high',
'median' or 'low' ozone day
according to the peak daily ozone concentration that was measured at a nearby
monitoring station on that day. This typing scheme, together with the hourly
ozone concentrations due to the plant emissions, predicted for each of three
composite ozone days, resulted in predicted hourly ozone concentrations for each
hour of each day of the ozone season. A new model developed for this study
(MAP-03) was used to predict the location of each ozone concentration
predicted with the OZIPM-4 model and to calculate the longer-term ozone
concentrations needed for this analysis. The MAP-03model calculates the path
of the power plant plume (trajectory) from meteorological surface observations
of wind speed and direction, for each day of the ozone season. The plume
trajectories are combined with the hourly ozone concentrations to provide a map
of ozone concentrations occurring in the vicinity of the power plant. The AP-
03model also calculates the peak one-hour ozone concentration for each day of
the ozone season and the seasonal average 9 a.m. to 9 p.m. ozone concentration.

Results from the MAP-03model are transferred to an isopleth plotting
routine (e.g., SURFER, Deltagraph or others) which generates isopleth maps
showing the distribution of ozone concentrations (both above and below ambient
ozone concentrations) due to emissions of NO,, and NMOC from the power
plant.
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3. MAP-03MODELING METHODOLOGY

3.1 METHODOLOGY OVERVIEW

The MAP-03modeling methodology and the assumptions upon which it
is based are quite simple, yet the justification of these assumptions is somewhat
lengthy. This section describes the methodology and the assumptions upon
which it is based, as well as the data used in the modeling. Section 4 presents
the modeling results and Section provides a list of the modeling assumptions
and limitations as discussed in depth in Section 3 Section 6 provides a
discussion of the expected impact from power plant emissions located at the
Southwest Reference site.

The first step in the modeling methodology is to develop base case
conditions which will be used to simulate ozone concentrations at the Southeast
Reference site without the power plant emissions. A description of the EPA
OZIPM-4 model used to predict these ozone concentrations is given in Section
3.2. The development of the three base case scenarios is discussed in Section
3.3. Next, the base case modeling results are calibrated against monitored ozone
concentrations as discussed in Section 34. The assumption of amospheric
mixing in the OZIPM-4 model is discussed in Section 35 and Section 36
outlines the calculation of emission fluxes of NO,, and NMOC from the power
plant. Next, the base case scenarios together with the plant emissions fluxes are
used to predict ozone concentrations with the OZIPM-4 model as a function of
the plume age and hour that the plume first mixes to the ground as outlined in
Section 37. Section 38 discusses, the MAP-03model and how it is used to
predict daily peak and seasonal average ozone concentrations throughout the
study area for the ozone season. Steps in the NIAP-03modeling methodology
are outlined here. Refer to Fig. 4 for a flowchart of the NIAP-03 modeling
methodology.

1. Develop three base case scenarios to simulate the range of conditions
occurring over the ozone season. (Section 33)

a. Obtain measured ozone concentrations and meteorological
observations (e.g., wind speed, direction, temperature, relative
humidity, sky cover, mixing height and stability class) in the
vicinity of the power plant for the ozone season.

b. Use the measured ozone concentrations to identify 1) the ten days
in the ozone season with the highest peak daily ozone
concentrations, 2 the ten days in the ozone season with median
peak daily ozone concentrations, and 3 the ten days in the ozone
season with the lowest ozone concentrations. Prepare composite
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10-day average meteorological conditions that correspond to high,
median and low ozone conditions.

C. Use the three 10-day average composite meteorological
conditions, together with estimates of biogenic emissions,
anthropogenic emissions, solar radiation and boundary conditions
(of ozone and ozone precursors) to simulate three base case
scenarios (i.e. simulate the formation of ozone under conditions
of high, median and low ozone formation in the study area
without the addition of power plant emissions).

2. Calibrate the base case simulations by comparing predicted ozone
concentrations with monitored ozone concentrations under the same
conditions, and make any necessary adjustments to boundary conditions.
(Section 34)

3. Calculate NO,, and NMOC emissions fluxes from the power plant.
(Section 36)

4. Using the three base case scenarios developed in step (1) and the
calculated NO,, and NMOC emissions fluxes from the power plant,
predict ozone concentrations with the OZIPM-4 model as a ftinction of
the time that the plume first mixes to the ground and the age of the
plume. (Section 37)

5. Use the MAP-03 model, together with measured peak daily ozone
concentrations and surface observations of wind speed and direction, to
map ozone concentrations throughout the study area for each hour of
each day of the ozone season. (Section 38)

a. Read a file of measured peak daily ozone concentrations to
determine whether each day is a high, median or low ozone day.

b. Using surface observations of wind speed and direction,
determine the path of the power plant plume (trajectory) for each
hour of each day.

C. Combine the predicted trajectories of the plume with predicted
ozone concentrations from OZIPM-4 according to whether each
day is designated as a high, median or low ozone day.

d. Calculate daily peak and seasonal average ozone concentrations
at each location in the polar receptor grid.
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e. Convert results to Cartesian coordinates for import to graphing
routines.

3.2 OZIPM-4 MODEL

Th e OZIPM-4 model is a photochemical trajectory model which
combines simplified meteorological assumptions with a chemical kinetic
mechanism to mathematically simulate physical and chemical processes
occurring in the atmosphere. In the OZIPM-4 model, a column of air containing
ozone and precursors is transported along a trajectory. As the column moves,
it encounters fresh precursor emissions that are mixed uniformly within the
column. The column extends from the earth's surface to the mixing height. The
mixing height is defined as the top of a surface-based layer of air (known as the
mixed layer or the surface layer) which is well mixed due to mechanical and/or
thermal turbulence. Typical values of the mixing height for the east Tennessee
area range from 450 meters for the mean annual morning mixing height to 1600
meters for the mean annual afternoon mixing height, (Holtzworth 1972). The
air within the column is assumed to be uniformly mixed at all times (EPA
1989).

At the beginning of a simulation, the column contains some specified
initial concentration of NMOC and NO, As the column moves along the
trajectory, the height of the column can change because of diurnal variations in
mixing height. As the height of the column increases, its volume increases, and
air above the surfacelayer is mixed in. Pollutants above the mixed layer are
described as "transported above the surface layer" or "transported aloft." Any
ozone or ozone precursors above the mixed layer that are entrained into the
column as it expands are rapidly mixed throughout the column (EPA 1989).

Concentrations of NMOC species, NO, N2 d03 within the column
are physically decreased by dilution due to the rise in mixing height, and
physically increased by the addition of fresh emissions from ground level and
by entrainment of pollutants transported aloft. All species react chemically
according to the Carbon Bond IV (CB-4) kinetic mechanism (EPA 1989).
Certain photolysis rates within that mechanism are functions of the intensity and
spectral distribution of sunlight, and they vary diurnally according to time of
year and location.

Input parameters that can be specified by the user include:

Latitude and Longitude;

Time zone;
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Date;

Morning and afternoon mixing heights;

Hourly temperature variation;

Hourly atmospheric moisture estimates;

Concentrations of NMOC N, CO, ozone and up to ten
other species in the air above the mixed layer due to
transport aloft;

0 Concentrations of NMOC N, CO� ozone and up to ten
other species transported in the surface layer;

0 VOC, CO and NO, emissions at each hour;

0 Organic reactivity; and

0 Biogenic emission rates and speciation.

Three types of output can be requested from the model. For the purposes
of this study, OZIPM-4 was used to estimate ozone concentrations as a function
of time for a single set of precursor conditions. Use of the OZIPM-4 model to
simulate the formation of ozone from a power plant plume is discussed in
Sections 35 and 36. The model's abilities to predict zones of ozone depletion
and zones of ozone formation are discussed in Section 37.

3.3 BASE CASE SCENARIOS

Simulating ozone formation from power plant emissions involves two
steps. First a computer simulation is run using a set of input conditions that
characterizes the study area (base case) and then the same set of input conditions
is run again with the addition of the plant emissions (plant case). The difference
in ozone concentrations between the two runs is the increment of the ozone
concentration that is due to the plant emissions.

The magnitude of the impact of NO,, emissions from the plant on ozone
concentrations is a function of the area (background conditions) in hich the
plant is located. Factors which affect the impact of the plant missions include
meteorological conditions, biogenic NMOC emissions, anthropogenic NMOC
and N, emissions, and ambient precursor concentrations in and above the
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surface layer. These factors vary throughout the day, as well as throughout the
ozone season.

Typically, ozone assessment studies are designed to determine the worst-
case impact on ozone concentrations and for this reason most studies are limited
to model inputs which are characteristic of high ozone days (i.e. low wind
speeds, high temperatures, high precursor concentrations). In order to evaluate
the performance of the OZIPM-4 model, and to simulate ozone formation over
the entire ozone season, a wide range of background conditions was used to
develop model inputs. Meteorological 'observations and ozone monitoring data
were used to derive the model inputs (i.e. temperature, -mixing height, biogenic
emissions, and precursor concentrations transported at the surface and aloft)
which were used to predict low, median and high base case ozone
concentrations, (i.e. three separate base case scenarios, using the high, median
and low ozone conditions were developed).

In order to avoid having to simulate ozone formation for each day of the
ozone season 153 days) these three base case scenarios were used to simulate
the formation of ozone over the ozone season. Each day of the season was
defined as either a 'low', 'median', or 'high' ozone day based on the peak one-
hour ozone concentration measured at the Knoxville, Rutledge Pike monitor, for
each day. Figure is a cumulative frequency distribution of the daily peak one-
hour ozone concentrations at the Rutledge Pike monitoring station during the
period May I to September 30, 1990. The cumulative frequency distribution is
plotted as the log of the daily peak ozone concentration versus probit (probits
are standard deviations coded by the addition of five to avoid negative values;
probit 5.0 corresponds to a cumulative frequency of 50%; probit 60 corresponds
to a cumulative frequency of 84.13% and probit 30 corresponds to a cumulative
frequency of 227%). The Rutledge Pike monitoring station is designated by
EPA as a rural site and is part of the EPA Aerometric Information Retrieval
System (AIRS) database. The monitor is located approximately 60 km from the
Southeast Reference site and approximately 20 km northeast of Knoxville, TN.
Each day in the ozone season was assigned a designation of either low, median
or high by assuming that the top third days of the cumulative frequency
distribution of ozone concentrations are 'high' days, the middle third of the days
are 'median' days and the lower third are 'low' days.

3.3.1 Meteorology

Figure 6 shows the relationship between peak daily temperatures and
peak daily one-hour ozone concentrations at, the Knoxville, Rutledge Pike.
monitoring station for each day of the 1990 ozone season (May I to September
30). The ten days with the highest daily peak one-hour ozone. concentrations are
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shown in the figure with circles; the ten days with the ten median ozone
concentrations are shown with squares and the ten days with the ten lowest
ozone concentrations are shown in the figure with triangles. The meteorological
surface observations of sky cover, relative humidity, temperature, and wind
speed for each day were obtained from the National Climatic Center hourly
surface observations data files for the Knoxville, McGhee Tyson Airport for
1990. These values were averaged to develop three composite, 10-day average,
low, median and high ozone days. Hourly average observations for each
composite day are shown in Tables 2 3 and 4.

Figure 7 shows the hourly temperature variation for each of the
composite days. As shown in Fig. 7 the highest daily one-hour average
temperature for the high ozone composite day was 93 'F 34.0 'C), the highest
daily one-hour average temperature for the median ozone composite day was 83
'F 28.3 'C) and the highest daily one-hour average temperature for the low
ozone composite day was 67 'F 19.4
'C). As we saw in Fig. 6 there is a
strong correlation between the highest ......
daily one-hour average temperature ..,thimma�Is ron2�xorre a Ion-
and the highest daily one-hour �between the:i hi est.::�Wirllv. . .. ...... ... ..... .. . .. . . ....average ozone concentration. The -hv:
ran e of temperatures used in ..... ....eratum and...Ihe�htghest
developing the input parameters for . . .. .. ....

.�.����::�dailv.��otie.4our::av ozone���i���each of the three base case scenarios
concentration.. .......should provide a good measure of the . ...... . . ..

model's ability to predict ozone under
widely varying conditions of ozone
formation.

Also shown in Tables 2 3 and 4 are the hourly mixing heights
calculated from the OZIPM-4 model. The model accepts morning and on
mixing height observations and calculates the hourly mixing heights based on
an assumed initial time of mixing height rise of a.m. and a time that maximum
mixing height is attained of 3 p.m. The morning and afternoon mixing height
observations were obtained from the National Climatic Center for Nashville, TN
for each day of the three groups of ten days. The median morning mixing
height and the median afternoon mixing height were selected for each composite
day. These median mixing heights were then input to the OZIPM-4 model,
which calculated the hourly mixing heights shown in Ta les 2 3 an
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Table 2 Hourly average observations for
the 10-high ozone days during 1990

Begin Sky Relative I 0-meter Temp. Temp. Mixing
Hour Cover Humidity Wind Speed (C) (F) Height

(M/S) (m)

0 0.1 0.78 1.0 23.5 74

1 0.1 0.82 1.1 22.6 73

2 0.1 0.85 1.2 22.0 72

3 0.1 0.88 0.5 21.4 71

4 0.2 0.90 0.9 21.1 70

5 0.2 0.92 0.8 20.4 69

6 0.2 0.92 0.6 20.3 69 98

7 0.2 0.88 1.0 21.2 70 98

8 0.2 0.77 1.3 23.5 74 98

9 0.1 0.69 2.2 25.8 79 323

10 0.2 0.62 2.4 28.1 83 685

1 1 0.1 0.54 2.2 30.3 87 1082

12 0.1 0.49 2.8 31.7 89 1414

13 0.1 0.46 2.8 32.8 91 1650

14 0.1 0.41 2.3 33.7 93 1818

15 0.2 0.39 2.8 34.0 93 1946

16 0.3 0.39 2.3 33.7 93 1948

17 0.2 0.43 2.3 32.9 91 1948

18 0.1 0.46 2.1 31.8 89 1948

19 0.3 0.54 2.5 29.9 86 1948

20 0.3 0.60 2.1 27.9 82 1948

21 0.2 0.67 2.1 26.5 80 1948

22 0.2 0.71 1.4 25.7 78 1948

23 0.2 0.74 1.2 25.1 77 1948



3724 Ozone. Modeling

Table 3 Hourly average observations for the 10-median
ozone days during 1990

Begin Sky Relative I 0-meter Temp. Temp. Mixing
Hour Cover Humidity Wind Speed (C) (F) Height

WS) (m)

0 0.2 0.80 1.3 19.8 68

1 0.2 0.85 1.2 18.9 66

2 0.2 0.88 1.3 18.3 65

3 0.3 0.89 1.0 17.8 64

4 0.3 0.90 1.6 17.7 64

5 0.3 0.93 1.4 17.0 63

6 0.4 0.93 1.3 17.2 63 120

7 0.3 0.88 1.3 18.1 65 120

8 0.2 0.83 1.4 20.0 68 120

9 0.2 0.75 1.9 22.0 72 264

10 0.3 0.68 1.8 23.9 75 522

11 0.5 0.60 2.8 25.6 78 820

12 0.4 0.53 3.6 27.3 81 1075

13 0.4 0.51 3.1 27.6 82 1256

14 0.3 0.51 3.1 27.8 82 1383

15 0.3 0.49 2.8 28.3 83 1478

16 0.4 0.51 2.5 27.9 82 1479

17 0.4 0.53 3.0 27.5 82 1479

18 0.4 0.54 3.1 27.0 81 1479

19 0.3 0.61 2.4 25.7 78 1479

20 0.3 0.67 2.4 24.1 75 1479

21 0.4 0.71 2.4 23.1 74 1479

22 0.3 0.73 1.9 22.3 72 1479

23 0.3 0.74 2.2 21.6 71 1479
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Table 4 Hourly average observations for
the 10-low ozone days during 1990

Begin Sky Relative 10-meter Temp. Temp. Mixing
Hour Cover Humidity Wind Speed (C) (F) Height

WS) (m)

0 0.2 0.83 2.8 17.6 64

1 0.1 0.85 2.6 17.3 63

2 0.4 0.86 2.3 17.0 63

3 0.3 0.89 2.1 16.5 62

4 0.2 0.90 2.0 16.1 61

5 0.2 0.90 2.0 16.1 61

6 0.1 0.89 1.8 15.5 60 861

7 0.2 0.90 2.3 15.4 62 861

8 0.2 0.83 2.4 16.8 62 861

9 0.2 0.78 3.1 17.4 65 889

10 0.2 0.72 3.5 18.2 65 966

I 0.3 0.69 3.5 18.6 65 1071

12 0.3 0.67 3.5 19.0 66 1162

13 0.4 0.66 3.7 19.3 67 1222

14 0.1 0.65 3.9 19.4 67 1263

15 03 0.66 4.1 19.3 67 1292

16 0.2 0.67 3.8 18.4 65 1292

17 02 0.69 3.4 18.2 65 1292

18 0.3 0.69 3.4 17.7 64 1292

19 0.3 0.73 2.7 16.8 62 1292

20 0.2 0.79 2.3 15.7 60 1292

21 0.2 0.79 2.4 15.6 60 1292

22 0.2 0.78 3.1 15.3 60 1292

23 0.2 0.82 2.1 14.4 58 1292
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3.3.2 Biogenic Emissions

Vegetation emits hydrocarbons, especially'during the day. The rate of
emission increases significantly with increasing temperature. These emissions
contribute to the formation of ozone and should be included in any OZIPM-4
simulation (EPA 1989). In addition to temperature, .biogenic emissions estimates
are sensitive to wind speed, relative humidity and cloud cover. Biogenic,
emissions within the vicinity of the Southeast site were estimated with the EPA
Personal Computer Version of the Biogenic Emissions Inventory System PC-
BEIS) computer program. The PC-BEIS computer program allows users to
estimate hourly emissions of isoprene, a-pinene, other monoterpenes and
unidentified hydrocarbons for any county in the contiguous United States. These
emissions estimates are adjusted for user input meteorological parameters (Pierce
and Baugues 1991). The hourly observations of sky.cover, temperature, relative
humidity and wind speed for each composite base case day (Tables 2 3 and 4)
were used as inputs to the model. Hourly emissions fluxes of isoprene a-
pinene, and monoterpene were calculated with the PC-BEIS program for each
composite day. These values were then used as inputs to the OZIPM-4 model.
Table shows the total daily biogenic emissions for each composite base case
day. Figure shows the hourly emissions fluxes of isoprene for each composite
day.

3.3.3 Anthropogenic Emissions

Anthropogenic emissions are any man-made emissions of NO. or NMOC
within the vicinity of the plant. These emissions were estimated from an
existing emission inventory for middle and west Tennessee. Anthropogenic
emissions estimates for five counties in middle and west Tennessee for 1987
were obtained from the "Comprehensive Emission Inventory for Precursors of
Ozone in the Nashville and Memphis Tennessee Areas," 1990 prepared by the
University of Tennessee. These emissions estimates include all categories of
anthropogenic emissions, i.e. mobile and stationary point and area sources and
are based on the latest methods recommended by the U.S. EPA for developing
comprehensive ozone precursor inventories.

Thirteen counties were identified within a 0. kilometer radius of the
Southeast Reference site. These counties are considered representative of the
entire study area. Since current emissions estimates for the 13 counties are not
available, the emissions estimates from the five middle and west Tennessee
counties were used to develop average emissions per capita factors for NMOC
and NOV
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Table 5. Total daily biogenic NMOC emissions at the Southeast
Reference site

Biogenic Emissions (kg/kM2 -day)

Base Case Isoprene Alpha-pinene Monoterpene

High 11.6 1.59 1.77

Median 1 6.44 1.20 1 1.29

Low 2.32 0.739 0.759

These factors were then applied to the 1980 population in each of the 3
counties within the vicinity of the Southeast Reference site. See Table 6.
(Population data for 1990 was unavailable at the time emissions were calculated,
however, the average increase in population in the 13 counties was 47% from
1980 to 1990.) The area of each county was used to calculate emissions
densities (kilograms per square kilometer per hour) that are required for the
OZIPM-4 model. The average emission densities of NMOC and NO,, 1.311
and 0936 kg/km'-hr) were calculated for the 13 counties and these emission
densities were used in the OZIPM-4 model, assuming a uniform distribution of
anthropogenic emissions throughout the day and throughout the study area.
While this method of calculating anthropogenic emissions of NMOC and NO,,
is fairly crude, it is used only to model the relative change in ozone
concentrations, with and without the power plant emissions.

3.3.4 Solar Radiation

Reactions for several species (e.g. formaldehyde and N2) in the
chemical kinetic mechanism (Carbon Bond IV) in the OZIPM-4 model are
photochemical reactions whose rates are dependent on solar intensity. The rate
of absorption of radiation by a particular molecule depends on both the
wavelength distribution and the intensity of radiation. Because radiation in the
lower atmosphere is attenuated by absorption, scattering and reflection, the solar
intensity distribution at ground level varies as a function of solar angle (Seinfeld
1975). Solar angle and therefore solar intensity, is a function of time of day,
latitude and time of year. This variation in solar intensity explains the seasonal
and diurnal variation characteristic of many atmospheric photochemical
reactions.
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Table 6 Average emission densities for 13-counties in East Tennessee
based on average per capita emissions for five counties in

Middle and West Tennessee

Countywide Countywide Grid
Emissions Emissions Emissions
(tons/day) (kgIcapita-day) (kg/km'-hr)**

County Area 1980 NMOC NO. NMOC NO� NMOC NO�
(sq. miles) Population

Middle and West Tennessee:

Cheatham 307 25,412 8.85 5.43 0.316 0.194 0.84 0.52

Dickson 491 30,037 13.25 7.4 0.400 0.223 0.79 0.44

Robertson 476 37,021 15.97 13.7 0.391 0.336 0.98 0.84

Davidson 526 477,811 156 117 0.296 0.222 8.66 6.49

Shelby 786 777,113 232 176 0.271 O.?05 8.62 6.54

Average kg/capita-day: 0.335 0.236

East Tennessee:

Anderson 354 67,346 2.10 1.48

Blount 566 77,770 1.48 1.04

Campbell 496 34,923 0.76 0.53

Cumberland 684 28,676 0.45 0.32

Knox 526 319,694 6.55 4.62

Loudon 247 28,553 0.98 0.84

McMinn 432 41,878 1.04 0.74

Meigs 217 7,431 0.37 0.26

Monroe 653 28,700 0.47 0.33

Morgan 523 16,604 0.34 0.24

Rhea 337 24,235 0.77 0.55

Roane 395 48,425 1.32 0.93

Scott 533 19,259 0.39 0.27

Average 1.311 0.936

NMOC - Non-methane Organic Compounds
NO -Nitrogen Oxides

12 hrs/day
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The OZIPM-4 model has no provision for cloud cover, however solar
radiation is calculated as a function of latitude, time of day and day of the year.
In selecting the calendar day to be modeled for each composite base case
scenario, the relative location of high, median and low ozone calendar days
during the ozone season was noted from Fig. 6 High ozone days tended to
occur during late-June, July and August, while the median days tended to occur
in May, early-June and early-September and low ozone days tended to occur in
May and September. Figure 9 shows the annual variation in solar radiation
reaching the earth's surface at 40' north latitude (as well as, the average number
of reports of ozone concentrations 120 ppb in New York and Boston during the
period 1983 to 1985). The calendar day to be modeled for each base case was
selected using both Figs. 6 and 9 The high ozone day (Fig. 6 nearest the peak
solar radiation seen in Fig. 9 was June 28; the low ozone day (Fig. 6 with the
lowest solar radiation according to Fig. 9 was September 24 and the median
ozone day approximately midway between the highest and lowest solar radiation
days selected was July 25. These calendar days were input to the OZIPM-4
model for each of the three base case scenarios in order to simulate a range of
solar radiation conditions representative of low, median and high ozone days.
The Southeast Reference site latitude and longitude of 35.89 and 84.38,
respectively, were also used as inputs to the OZIPM-4 model.

3.3.5 Boundary Conditions

In addition to calendar day, anthropogenic and biogenic emissions and
meteorological inputs, the OZIPM-4 model requires inputs that describe the
initial concentration of species within the column of air, as well as the
concentrations of species above the column (aloft) and surface concentrations of
species that may be transported into the column.

Initial Precursor Concentrations

The ZIPM-4 model is sensitive to the initial concentrations of NMOC
and NO,, that are present at the surface at the start of a simulation. These
concentrations are intended to represent the NMOC and NO, that are initially
present within the mixed layer at the start of the model simulation (normally 
a.m.). Because of the difficulties associated with estimating these
concentrations, as well as the model sensitivity to them, the model simulation
was started at 6 a.m. and the initial concentrations were assumed to be
essentially zero at this time.

The OZIPM-4 model also requires initial values for biogenic species.
Since biogenic emissions are sensitive to ambient temperature and sunlight, they
are not expected in large quantities until later in the day (Baugues 1991).
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day) is shown. Average over 1983 - 1985.

Source: National Research Council (NRC) 1991).
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Therefore, the initial concentration for all three biogenic species was set equal
to zero.

Ozone Transport

Two possible mechanisms by which ozone is transported into an area are:

1) Advection (horizontal transport) of ozone along the earth's surface

2) Advection of ozone aloft (typically at night and during early morning
hours above the mixed layer, with downward mixing when the height
of the mixing layer begins to increase).

Ozone transported at the surface is subject to reactions and scavenging
by other species emitted during the night (e.g. nitric oxide). While the
scavenging of ozone t the surface may be the predominant mechanism of
depletion in urban areas with numerous mobile NO,, sources, nocturnal ozone
depletion in three rural areas was shown to be controlled by dry deposition
(Kelly 1984).

The primary impact of ozone transport near the surface is expected to be
the more rapid conversion of NO to N2- Several studies have shown that
ozone transported along the surface tends to be minimal. For these reasons, the
initial value for ozone transported at the surface (at 6 a.m.) was set equal to zero
(EPA 1989).

Because of nighttime atmospheric stability, ozone transported aloft does
not come into contact with scavengers emitted at night. Therefore, overnight
advection of ozone aloft is the more significant mechanism of transport from
one area to another (EPA 1989).

Measurements of ozone aloft were made using aircraft over six cities
during the summers of 1985 and 1986. Ninety percent of the ozone aloft values
from this study fall between approximately 25 to 60 ppb (EPA 1989). EPA
(1991) recommends the use of 40 ppb ozone aloft for UAM simulations of
urban areas. For this study area, the ozone aloft value of 40 ppb was used for
the high ozone base case. The selection of this value assumes that ozone aloft
values on high ozone days in a mostly rural area could be expected to be as high
as ozone aloft values seen in some urban areas. An ozone aloft value of zero
ppb was used for the median and low ozone base cases. A discussion of this
selection of ozone aloft values is provided in Section 34.
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Precursor Transpart

Precursor pollutants can be transported in both the surface layer and aloft.
Since the surface layer outside urban areas is relatively shallow, long-range
transport of precursors may not be significant. Recent measurements of NMOC
aloft over six cities indicates that most NMOC values aloft fall within a range
of 50 ppb with a median of 30 ppb (EPA 1989) (Baugues 1987). For this
study, 22.2 ppb NMOC aloft (EPA 1991) and zero NMOC at the surface were
used for the high ozone base case. For modeling ozone concentrations in urban
areas and areas downwind of urban areas, EPA recommends using 2 ppb NO,,
aloft and zero NO,, at the surface. These values were used for the high ozone
base case. The NOX concentration of 2 ppb accounts for any natural NO,,
emissions which, in rural areas, is between 02 and 10 ppb (NRC 1991). For
both the median and low ozone base cases, NMOC and N02concentrations aloft
and at the surface were set equal to zero. A discussion of the precursor aloft
concentrations for the median and low base cases is provided in the next section.

3.4 OZIPM-4 MODEL CALIBRATION

In order to assess the reasonableness of the range of inputs developed for
each of the base case scenarios, the OZIPM-4 model was calibrated against
monitoring data. Daily peak one-hour modeled ozone concentrations for each
of the three base case scenarios were compared to daily peak one-hour measured
ozone concentrations. The nearest monitoring station, Rutledge Pike, Knoxville,
is located approximately 20 km northeast of Knoxville, TN. Since this monitor
is located in a predominantly downwind direction of Knoxville during the
daytime hours, and since the monitor is approximately 60 km from the Southeast
Reference site, the OZIPM-4 model was calibrated using emissions that were
characteristic of the Knoxville area (model calibration run). Reasonable
agreement was obtained between Knoxville modeled ozone concentrations and
Knoxville monitored ozone concentrations, after which, the model was rerun
with emissions characteristic of the Southeast Reference site.

For the model calibration run, the hourly emissions flux for Knox county,
shown in Table 6 for NMOC and Nx of 655 and 462 kg/km'-hr, respectively,
were assumed to occur for twelve hours a day throughout the study area.
Biogenic emissions for Knox county were calculated using the PC-BEIS
program with the meteorological inputs from the three composite days described
above. All other inputs described in the Base Case Scenarios Section, were
identical with the exception of aloft ozone and precursor concentrations which
will be discussed separately here. The EPA recommended values of aloft
concentrations of ozone, NMOC and 2of 40 ppb� 22.2 ppb and 2 ppb (EPA
1991), respectively, were used as model inputs for the high ozone day scenario.
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It is assumed that aloft ozone and precursor concentrations on high ozone days
in a predominantly rural area could be expected to be as high as concentrations
seen aloft in some cities. Therefore these values were selected for the high
ozone base case. Results from the Knoxville model calibration runs (discussed
below) were used to support the selection of zero aloft concentrations of ozone
and precursors for the median and low ozone conditions at the Southeast
Reference site.

3.4.1 Knoxville Results

Figure 10 shows the results of the model calibration run for Knoxville.
Each I-beam represents the monitored ozone concentrations for each of the ten-
day groups. The upper line on each beam represents the highest peak daily
ozone concentration, the middle line represents the ten-day average daily peak
ozone concentration and the lower line represents the lowest peak daily ozone
concentration. The peak daily measured one-hour ozone concentrations for the
ten highest ozone days ranged from 105 ppb to 135 ppb with an average of 117
ppb. The peak daily measured one-hour ozone concentration for the ten median
ozone days was 70 ppb for each day. The peak daily measured one-hour ozone
concentrations for the ten lowest ozone days ranged from 30 ppb to 40 ppb with
an average of 38 ppb. The upper line (solid triangle markers) on Fig. shows
the modeled peak daily one-hour ozone concentration for each base case
scenario for the Knoxville area, using the EPA recommended aloft ozone and
precursor values described above 40 ppb, 22.2 ppb 2 ppb). The lower line
(open triangle markers) shows the modeled peak daily one-hour ozone
concentration for each'base case scenario for the Knoxville area, using zero
ozone and precursor concentrations aloft. These two lines represents the upper
and lower bound of ozone concentrations predicted within the range of aloft
concentrations.

Figure I I shows the selection of aloft values based on the best agreement
with the monitored values. The bold line (labeled H-0-0) represents the ozone
concentrations resulting from the aloft concentrations selected for each base case
condition. Since the EPA recommended values 40 ppb, 22.2 ppb 2 ppb)
showed good agreement with the highest of the ten high ozone days, these
values were selected to simulate a high ozone day. The modeled daily peak
one-hour ozone concentration for high ozone conditions was 134 ppb
compared with the measured high ozone ten-day average daily peak
concentration of II 7 ppb (during which time the daily peak concentration ranged
from 105 to 135 ppb). The median ozone monitored concentration was modeled
more accurately with the aloft ozone and precursor concentrations set to zero.
The modeled daily peak one-hour ozone concentration under median ozone
conditions was 67 ppb compared to the measured median ozone ten-day average
daily peak concentration of 70 ppb. The low ozone modeled value showed the
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least sensitivity to aloft ozone and precursor concentration values, and for this
reason, was also set to zero. The modeled daily peak one-hour ozone
concentration under low ozone conditions was 27 ppb compared to the measured
low ozone ten-day average daily peak concentration of 38 ppb.

3.4.2 Southeast Reference Site Results

Using the aloft ozone and precursor concentrations described above, and
anthropogenic and biogenic emissions for the Southeast Reference site, the
OZIPM-4 was run for the three base case conditions at the Southeast Reference
site. Peak daily one-hour ozone concentrations for each of the three base case
conditions are shown in Fig. 12 for the Southeast Reference site and Knoxville.
As seen in Fig. 12, the largest difference between sites is seen for the high
ozone base case with a peak one-hour ozone concentration at Knoxville of 134
ppb and a peak one-hour ozone concentration at the Southeast Reference site of
8 8 ppb' The corresponding concentrations for the median base case scenario
were 67 ppb at Knoxville and 56 ppb at the Southeast Reference site. For the
low ozone base case, the peak one-hour ozone concentration at the Southeast
Reference site was 45 pb and the peak one-hour ozone concentration at
Knoxville was 27 ppb. The higher ozone concentrations predicted at the rural
Southeast Reference site for the low ozone base case may be due to the higher
biogenic emissions estimated at the rural site. Whatever the reason, the
concentrations are too low to be of much significance in this application.

3.5 STABILITY CLASS AND ATMOSPHERIC MIXING

Stability class (which is a measure of atmospheric mixing) was computed
with the EPA PCRANWET program using the meteorological surface
observations file described above for each day of the three groups of ten days.
The modal stability class for each hour was selected for each composite day.
Stability class is not used as an input to any of the models used in this analysis,
however it is an important factor in supporting the assumptions made in using
the OZIPM-4 model to estimate impacts from large point sources. As seen in
Tables 7 and 8, the most frequently occurring stability class during daytime
hours under high and median ozone days is stability 2 (or stability -
moderately unstable). Under these conditions of atmospheric mixing, the plume
from an elevated point source, such as a power plant stack, would be expected
to mix to the ground within a relatively short downwind distances (i 'e. relatively
short travel times). An estimate of the distance to plume touchdo .wn was made
with the EPA SCREEN model. Using stability and a wind speed of 21
meters/second, (24-hr average, 10-meter wind speed under median ozone
conditions) plume touchdown occurred less than 1600 meters from the stack
(approximately 13 minutes travel time). Similar results were obtained for high
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ozone conditions of stability and wind speed of 17 m/s (24-hr average, 10-
meter wind speed under high ozone conditions) with the plume touching down
within 1,800 meters (approximately 18 minutes travel time). Based on these
SCREEN model results, it is apparent that the OZIPM-4 assumption of complete
mixing is not inconsistent with plume mixing behavior during summer daytime
conditions.

3.6 NO,, EMISSIONS FLUX

Once the base case simulations for the Southeast Reference site have
been run, the power plant emissions are entered in the OZIPM-4 model in the
form of an hourly emissions flux. Unlike Gaussian dispersion models which
accept emissions from point sources as an emission rate (e.g. grarns/second), the
OZIPM-4 model accepts emissions of NO,, and NMOC as an emissions flux in
units of kilograms per square kilometer per hour (kg/km�-hr). Both the OZIPM-
4 model and Gaussian type models predict pollutant concentrations, typically in
units of grams per cubic meter, (g/m') or ppb. As discussed in Section 32, the
simulated column of air in the OZIPM-4 model is assumed to extend from the
earth's surface through the mixed layer and the air within the column is assumed
to be uniformly mixed at all times. As the column of air passes over the power
plant, the column is 'initialized' with a quantity of NOx and NMOC emissions
from the plant.

In the OZIPM-4 model, the column of air is transported at some wind
speed (u) along a trajectory (Lagrangian coordinate system). Output from the
model is in the form of pollutant concentrations that occur, within the column,
after some period of time (travel time or downwind distance assuming some
wind speed). In order to use the OZIPM-4 model to calculate ozone
concentrations due to a point source, an emissions flux must be calculated and
entered into the model, that will result in a concentration within the column (i.e.
the plume) equal to that which would occur from the plant emissions after
traveling downwind for one hour. The one hour time period is chosen because
that is the normal temporal resolution achieved with the OZIPM-4 model. That
is, OZIPM-4 is typically used to calculate (instantaneous or average) ozone
concentrations, hour by hour. Therefore, all input conditions such as emissions
are one-hour averages.

If the height of the column is the mixing height (L), the concentration of
pollutant within the column of air in the OZIPM-4 model after one hour of
travel time is given by:
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Table 7 Hourly average wind speeds for the 10-high ozone days
during 1990 at Rutledge Pike, Knoxville used to calculate emissions fluxes

Begin 10-meter Stack Top Stability Adjusted" Adjusted"
Hour Wind Wind Speed* Class NO. Flux NMOC Flux

Speed* WS) (kg/km�-hr) (kg/kM2_hr)
(m/S)

0 1.0 4.6 7 2.6 0.04

1 1.1 5.0 7 2.9 0.04

2 1.2 5.5 7 3.2 0.05

3 0.5 2.1 7 3.6 0.05

4 0.9 3.9 7 4.1 0.06

5 0.8 3.4 7 4.8 0.07

6 0.6 2.5 6 5.7 0.09

7 1.0 2.5 5 7.2 0.11

8 1.3 2.0 4 9.6 0.15

9 2.2 2.9 3 143 0.22

10 2.4 2.9 2 28.7 0.44

11 2.2 2.6 2 28.7 0.44

12 2.8 3.4 1 28.7 0.44

13 2.8 3.4 1 28.7 0.44

14 2.3 2.7 1 28.7 0.44

15 2.8 3.4 2 28.7 0.44

16 2.3 2.8 2 28.7 0.44

17 2.3 3.0 3 28.7 0.44

18 2.1 2.6 2 28.7 0.44

19 2.5 3.3 3 28.7 0.44

20 2.1 3.2 4 28.7 0.44

2 2.1 5.4 5 28.7 0.44

22 1.4 6.2 6 28.7 0.44

23 1.2 5.5 6 28.7 0.44

*24-hr average of stack height and surface wind speed: 26
**Flux based on the 24-hr average stack height and surface wind speed; flux for

hours to 9 is adjusted for spreading of plume
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Table 8. Hourly average wind speeds for the 10-median ozone days during
1990 at Rutledge Pike, Knoxville used to calculate emissions fluxes

Begin I 0-meter Stack Top Stability Adjusted" Adjusted"
Hour Wind Wind Speed* Class NO,, Flux NMOC Flux

Speed* (M/S) (kg/km'-hr) (kg/km'-hr)
(M/S)

0 1.3 5.7 6 1.5 0.02

1 1.2 5.5 7 1.6 0.02

2 1.3 5.7 6 1.8 0.03

3 1.0 4.3 6 2.0 0.03

4 1.6 7.1 7 2.3 0.04

5 1.4 6.2 6 2.7 0.04

6 1.3 3.5 5 3.2 0.05

7 1.3 1.9 4 4.0 0.06

8 1.4 2.1 4 5.4 0.08

9 1.9 2.5 3 8.0 0.12

10 1.8 2.2 2 16.1 0.25

11 2.8 3.7 3 16.1 0.25

12 3.6 4.3 2 16.1 0.25

13 3.1 3.7 2 16.1 0.25

14 3.1 3.7 2 16.1 0.25

15 2.8 3.4 2 16.1 0.25

16 2.5 3.2 3 16.1 0.25

17 3.0 4.0 3 16.1 0.25

18 3.1 4.7 4 16.1 0.25

19 2.4 3.6 4 16.1 0.25

20 2.4 6.2 5 16.1 0.25

21 2.4 10.5 .6 16.1 0.25

22 1.9 8.5 6 16.1 0.25

23 2.2 9.8 6 16.1 0.25

*24-hr average of stack height and surface wind speed: 35
**Flux based on the 24-hr average stack height and surface wind speed; flux for hours

0 to 9 is adjusted for spreading of plume
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cc = F d(O-001)
L

where,

cc = the concentration in the column of air and has units of g/m,

F = the emissions flux which has units of kg/kM2_hr,

L = the mixing height which has units of meters and

td = the duration of emissions in hours (this value will always be one
hour then the OZIPM-4 model is used to simulate a point source
emission).

If we convert the source configuration to a polar system, in order to
better account for the dispersion of pollutants from a point source, the
concentration after one hour of travel time within a 22.5'pie shaped wedge (i.e.
one of 16 sectors) with depth L is given by:

C Q (2)

Tc Lux
T6

where,

CP the concentration which has units of g/rn',

Q the emission rate of pollutant from the plant in units of g/s,

u the wind speed which has units of m/s,

L the mixing height which s nits meters,

(2/16)7r one sixteenth of the circumference of a circle and

x the distance traveled in one hour, in meters.

The distance traveled in one hour, x, can be expressed as,
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= tt 3600 sec (3)
1 hour

where u is the wind speed in m/s and t, is the travel time of the plume in hours.
Then C is given by:

C Q
P 2 nLu't 3600 (4)

16 t

In order to determine the flux that will result in this concentration, we set
C equal to C, and solve for the flux, F:P

F 8Q (0.2778) (5)
7tu2tttd

where,

M2F has units of kg/k -hr,

Q has units of g/s,

u has units of m/s and

� andtdhave units of hours.

This is the emissions flux that will result in a NO,, concentration in the power
plant plume, after one hour of travel time (i.e. one hour of dispersion) from the
stack. This method of calculating flux is not appropriate, for time periods less
than one hour. This calculation assumes no chemical conversion during the first
hour. During this time, Nx concentrations from the plant are expected to be
predominantly NO and very high (relative to ambient). Any chemical reactions
occurring would most likely be the conversion of some NO to N02by ambient
ozone. After this time, NO,, concentrations in the column are expected to be
dominated by photochemical reactions and vertical mixing of the atmosphere,
as it is subsequently simulated by the OZIPM-4 model.
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The emissions flux calculated with this method is a function of the
pollutant emission rate (Q), duration of the emission, (td), travel time of the
plume, (Q and the wind speed, (u). The NO,, emission rate for the coal-fired
power plant at the Southeast Reference site is 274 g/s and the total hydrocarbon
emission rate is 6 g/s. Non-methane hydrocarbons are assumed to be 70 of
total hydrocarbons (EPA 1985), so 42 g/s NMOC was used to calculate NMOC
emissions fluxes. Duration of the emission (td) is always one hour for the
OZIPM-4 simulations in the IAP-03 model, since the column of air receives
emissions, in units of kg/km'-hr, from the stack as it is transported over the
power plant plume.

The travel time of the plume (t) is the number of hours that the plume
travels before mixing to the ground. Prior to 10 a.m., under typical summertime
conditions, the mixing height (which may be thought of as a lid which prevents
further vertical mixing) is still below the effective stack height. (The effective
stack height is the combined height of the stack and the height that the plume
has risen due to effects of momentum and buoyancy.) Until the mixing height
exceeds the effective stack height, the plume is essentially trapped above the
mixed layer and may be transported some distance before the mixing height
rises sufficiently to allow the plume to be mixed to the ground. Due to the
effects of the mixing height on plume mixing, it is assumed that no plume is
mixed to the ground prior to 10 a.m. Any plume which originates between 0
a.m. and p.m. is assumed to mix to the ground within an hour of travel time.
Plumes which originate prior to this time are assumed to be transported aloft
until 10 a.m., after which time solar heating is sufficient to produce vertical
mixing. Since sunlight and temperature are not sufficient to promote
photochemical activity during early morning hours, the most likely effect from
early morning emissions is to increase concentrations of NO,, aloft until such
time, as they are mixed to the ground and can react with NMOC emissions.

The flux calculation for hours prior to 10 a.m. is adjusted to account for
the fact that the plume has undergone additional dispersion prior to mixing to
the ground. To account for the additional dispersion which occurs in plumes
which originate prior to 1 0 a.m., the flux for each of these hours is defined as
a function of the 10 a.m. flux. Plumes which have traveled two hours
(dispersed two hours) are assumed to have half the flux of a plume which
has traveled one hour 179am = Fa... 2 and plumes which have traveled three
hours are assumed to have one third the flux of a plume which has traveled one
hour (F8�.m = Fa.m. 3 and so on. The flux for hours prior to 10 a.m. is
calculated with Equation with = travel time of the plume prior to mixing to
the ground (i.e. the number of hours prior to I a.m. plus one hour to account
for IO - I I a.m.).
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Tables 7 and 9 show the wind speed data used in calculating the NO,,
and NMOC emissions flux for the 500 MW coal-fired power plant under low,
median and high ozone conditions. The 10-meter wind speeds are the 10-day
average observations described earlier for each composite day. Since wind
speed varies with height (wind speeds at the earth's surface are slower due to
frictional effects of surface roughness), the stack top wind speed was calculated
from the 10-meter wind speed using the stability class and the power law
expression (Wark and Warner 1981):

P
U Z

U1 ZI

where, u is the wind speed at altitude z,

u, is the wind speed at altitude z, and

p is the positive exponent which is a function of stability class.

Default rural wind profile exponents from the Industrial Source Complex (ISC)
Dispersion Model User's Guide were used (EPA 1986). The stack height of the
coal-fired power plant at the Southeast Reference site is 150 meters.

In calculating the emissions flux, a 24-hour average representative wind
speed was developed for each composite base case scenario. The combined 24-
hour average of both the 10-meter and the stack top wind speeds was computed
for the flux calculation. This average wind speed was selected to dampen some
of the hourly variability seen in both wind speeds and to account for the fact
that the actual wind speed is, in fact, unknown and may actually be higher than
the surface wind speed and lower than the calculated stack top wind speed. The
average wind speeds for the high, median and low ozone conditions were 26,
3.5 and 42 m/s, respectively.

The 24-hour, average wind speeds described here were used to calculate
the emissions flux for the plant under high, median and low ozone conditions
during the hours from midnight to 9 p.m. Due to the uncertainty regarding the
location of the mixing height, with respect to the plume, during the evening
hours 9 p.m. to midnight) andto the fact that emissions from the plant during
this time are not expected to have an appreciable impact on ozone concentrations
during the following day, ozone concentrations were not predicted for plumes
which originate between 9 p.m. and I I p.m.
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Table 9 Hourly average wind speeds for the 10-low ozone days during
1990 at Rutledge Pike, Knoxville used to calculate emissions fluxes

Begin I 0-meter Stack Top Stability Adjusted" Adjusted"
Hour Wind Wind Speed* Class NO,, Flux NMOC Flux

Speed* (m/s) (kg/kM2_hr) (kg/kM2 -hr)

(m/s)

0 2.8 7.2 5 1.0 0.02

1 2.6 11.6 6 1.1 0.02

2 2.3 5.8 5 1.2 0.02

3 2.1 9.4 6 1.4 0.02

4 2.0 5.0 5 1.6 0.02

5 2.0 8.9 6 1.8 0.03

6 1.8 2.7 4 2.2 0.03

7 2.3 3.5 4 2.8 0.04

8 2.4 3.6 4 3.7 0.06

9 3.1 4.6 4 5.5 0.08

10 3.5 5.2 4 11.1 0.17

11 3.5 5.2 4 11.1 11.10

12 3.5 5.2 4 11.1 0.17

13 3.7 5.6 4 11.1 0.17

14 3.9 5.9 4 11.1 0.17

15 4.1 6.1 4 11.1 0.17

16 3.8 5.6 4 11.1 0.17

17 3.4 5.1 4 11.1 0.17

18 3.4 5.1 4 11.1 0.17

19 2.7 4.1 4 11.1 0.17

20 2.3 3.4 4 11.1 0.17

21 2.4 3.6 4 11.1 0.17

22 3.1 4.7 4 11.1 0.17

23 2.1 5.3 5 11.1 0.17

*24-hr average of stack height and surface wind speed: 35
"Flux based on the 24-hr average stack height and surface wind speed; flux for hours

0 to 9 is adjusted for spreading of plume
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The NO,, and NMOC emissions flux for each plume birth hour are shown
in Tables 7 and 9 These values were input to the OZIPM-4 model in order
to predict the ozone concentrations expected to occur as the result of power
plant plumes that originate at certain hours and travel for some period of time.

3.7 BIRTH HOUR AND PLUME AGE RESULTS

As previously discussed, in a Lagrangian coordinate system, the plume
is defined by both the time that it originated from the stack (birth hour) and its
travel time or age (plume age). Ground-level ozone concentrations were
predicted with the OZIPM-4 model for plumes that originated between the hours
of midnight and p.m. (begin hour 000 to 20:00). Each plume was followed
until 9 p.m. For example, in a plume which was born at midnight, ozone
concentrations were predicted for each hour, for a total travel time of 21 hours.
In a plume which was born at I a.m., ozone concentrations were predicted for
each hour for a total travel time of 20 hours and so on, until ozone
concentrations were predicted for only one hour of travel time, in a plume
which was born at p.m.

Results for these OZIPM-4 simulations are s own in Tables IO, II and
12, and Figs. 13 through 18. Since the emissions flux for plumes born prior to
10 a.m. is zero until the plume mixes to the ground, ground-level ozone
concentrations are also zero for these plumes prior to 10 a.m.

3.7.1 High Ozone Plant Case

Figures 13 and 14 show results for the OZIPM-4 model power plant
simulations under high ozone conditions. Figure 13 shows results for plumes
which originate between the hours of midnight and 9 a.m. Ozone depletion is
seen in all these plumes during the first hour(s) of travel time. The plume
which originated at 9 a.m. showed the greatest depletion (-8.5 ppb).
Concentrations remained below ambient levels for three hours; after which time
the ozone concentration increased to a maximum of 10 ppb. The plume which
originated between midnight and a.m. was transported aloft for ten hours,
during which time it underwent additional horizontal dispersion and then mixed
to the ground between 1 0 a.m. and II a.m. The ozone concentration during the
initial hour (after mixing to the ground) was -1.1 ppb and increased to 26 ppb
several hours later. These results show that plumes which originate during the
early morning hours do not cause either large increases in ozone concentrations
or large depletions of ozone. The range of ozone concentrations for plumes
emitted during tis time period ranged from -8.5 ppb to 10 ppb.



Hourlv Ozone Concentration 1)1)1))
00

Plume Age

Milli Hur 1 2 3 4 5 6 7 9 9 10 11 12 13 14 15 16 17 18 19 20 21

0:00 1:00 0 0 1) 0 0 0 0 0 0 0 -1.1 0.47 1.1 2.6 2.6 2.7 2.7 2.6 2.6 2.6 2.6

-1:00 2:00 0 0 0 0 0 0 0 0 -1.3 0.4 2.2 2.3 2.9 2.9 2.9 2.9 ZA 2.8 2.8

-2:00 3:00 0 0 0 0 0 0 0 0 -1.50 .32 2.4 3.0 3.1 3.2 3.2 3.1 3.1 3.1 3.1

3:0 - 400 0 0 0 0 0 0 0 .1.7 0.16 2._1 3.3 3.5 3.6 3.6 3.5 3.5 3.4 3.4

4:00 5:00 0 0 0 0 0 0 -2.0 -.08 2.6 3.6 3.8 3.9 3.9 3.9 3.9 3.8 3A

5;0 - 600 0 0 0 1 0 0 1 -2.4 -.9 2.8 4.0 4.3 4.5 4.5 4.4 4.4 4.4 4.4

6:00 - 7410 a 0 0 0 .2.9 -1.3 2.9 V; 4.9 5.2 5.2 5.1 5.1 5.1 5.1

7:0 - 8:00 0 0 0 -3.7 4.4 2.8 5.1 5.8 6.2 6.2 6.2 6.2

8:00 900 0 0 -5.0 -4.6 I 2.0 5.7 6.9 7.5 7.7 7.7 7.7 7.6

9:00 10:00 0 .7.2 -8.5 .1.73 5Z 9.2 9.5 10.0 I 10.1 10.2 10.1 10.1

10:11 I 00 2.6 -16.7 .15.5 .7.2 4.2 10.6 13.5 14.6 15.1 151 15.2

11:00 12:00 8,7 .7.7 10.2 1 1 5.0 17.1 17.8 1 19.1

Table 10. Incremental ozone concentrations (ppb) due to the Southeast Reference site CD

coal-fired power plant NO,, emissions under high ozone conditions for various birth
hours and plume ages ZIEPM-4 Model) CL

CD
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CD
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lfourh- Ozone Coiicentnttion ppb)

Plunie Age

Birth 0111. 1 2 3 4 5 6 7 8 9 W it 12 13 14 15 16 17 18 19 2( 21

12:0 - 13:00 -2.1 r.1 14.6 19.8 21.9 22.5 22.7 22.7 22.6

13:00 -14:00 1.9 I 11.9 20.3 24.1 25.4 I 25.9 25.9 25.9

14:0 - 5:00 3.0 13.6 21.4 24.6 2.9.9 26.1 26.0

15:00 - 600 2.8 11.9 I 17.9 20.5 21.2 21.1

16:00 -17:00 1.1 6.6 9.6 10.5 10.3

17:00 - :00 .1.5 11.69 1.2 0.93

18:00 19:00 -4.2 -3.9 .4.3

19:0 -20:00 -6.2 .6.

211:0 - 100 -7,4

Table 10. (cont.) Incremental ozone concentrations (ppb) due to the Southeast Reference site
coal-fired power plant NO,, emissions under high ozone conditions for various birth hours and

plume ages (OZIPM-4 Model)



11ourly Ozoiie Concentnitioij ppb)

Pluiu Ae

Birth Hour 1 2 3 4 5 6 7 8 9 W 11 12 13 14 1 5 1 6 1 7 1 8 1 9 2 0 2 1

0:00 1:00 0 0 0 41 4) 11 0 0 0 -.64 .1.3 -0.41 1.2 1-9 2.2 2.3 2.3 2.3 2.2 2.2

1:00 -2:00 4) 0 0 0 0 a (I 0 -.68 .1.4 .0.49 1.2 2.0 2.4 2.5 2.5 2.5 2.4 2.4

2:00 -3:00 0 0 0 0 0 0 0 a -0.77 -1.6 .0.70 1.2 2.1 2.6 2.7 2.7 2.7 2.7 2.7

3:00 -4:00 0 0 1 ( a I 0 0 1 0 .0.84 -1.9 -.89 I 1.2 I 2.3 2.9 I 3.0 3.0 I 3.0 2.9 I 2.9

4:410 -SAM 41 0 1 0 0 1 0 0 -11.97 -2.1 .1.3 1.2 2.5 3.1 3.3 3.3 3.3 3.3 3.3

09 - 6: OO 11 0 0 0 0 -1.1 .2.5 -1.8 1.0 2.7 3.4 3.7 3.8 3.7 3.7 3.7

6:00 - 700 0 41 11 .1.3 .3.0 -2.4 41.74 2.9 3.9 4.2 4.3 4.3 43 4.3

7:00 - 8:00 0 0 0 .1.6 .3.7 .3.6 A.051 2.9 4.3 I 4.8 $.0 I 5.0 4.9 4.

S: (10 -9:00 0 0 1 .2.0 1 .4.8 .5.5 -2.0 2.3 4.6 5.6 5.8 5.9 5.9 5.9

9:0 I 10 0 -2.6 -6.2 .8.4 .6.3 I .0.74 3.5 5.6 6.4 6.7 6.7 6.7

I O:O I 1o .9.0 -13.6 -15.3 -14.1 .11.7 -8.3 -5.9 -4.7 -4.4 .4.5

11:00 - 12:00 5.6 -10.7 -12.6 -11.4 .8.5 4 5 1.8 I -0.60 -0.35 I -0.41 0

Table 11. Incremental ozone concentrations (ppb) due to the Southeast Reference site
coal-fired power plant NO., emissions under median ozone conditions for various birth hours and

plume ages ZIEPM-4 Model) CL
CD
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0

11oui-IN Ozone Concentration pph)

Plutin Ae

6 7 8 9 10 It 12 13 14 15 16 17 Is 19 211 21

12:00 -13�00 4.9 .7.0 -5.5 -1.7 217 5.2 6.2 6.5 6.4

-1.9 I .0.61 3.3 I 7-7 10.0 I 10.9 11.1 11.0J4:00

14:66 -I-00 0.01 2.9 &B 9.3 10.4 10.6 W,

6:60 0.30 2.9 4.8 S.7 5.8 5.6

-0.61 0.31 0.63 0.49 I 0.19

17:06 Is-.00 Z.4 -ZA -2.8 -312i

1 :00 - 900 -3.7 -4,2 -4.6

I'L00-20MO -4.7

Table 11. (cont.) Incremental ozone concentrations (ppb) due to the Southeast Reference site
coaI-fired power plant NO,, emissions under median ozone conditions for various birth hours and

plume ages ZIEPM-4 Model)



Hourly Ozone Cncentnition ppl))

tj

Plume Ae

Bilil Hur 1 2 3 4 5 6 7 8 9 11) I 12 13 14 15 16 17 is 19 24) 21

0:410 I 04) 0 0 0 0 0 0 0 0 0 -0.19 .0.55 -.80 .0.77 -0.45 -0.13 0.01 -0.01 .0.04 -0.05 -.06

0 0 0 4) 0 0 0 I 0 0 I 021 .0.62 I -.90 -.99 I -0.55 -0.21 I -0.05 I -0.07 -0.11 A.12 AU1:00 - 200

2;00 - 300 0 0 1 0 1) I 0 I 4) 0 0 -.23 A.69 - .0 -1.0 -.66 AN -0.11 -0.14 -0.17 -0.18 -0.19

3:00 - 400 0 0 0 0 0 I 0 0 .0.27 -0.79 .1.2 -1.2 -.88 -.39 -0.27 -0.29 -.34 -0. -0.36

4:00 ;:Of) 0 0 ( 0 11 -0.31 -.92 I -1.4 -1.5 I -1.1 -0.70 I -.48 -(01 .0.56 -0.59 -.60

5:00 -600 0 0 0 0 0 .0.35 - .0 -1.6 -1.8 .1.4 .0.X8 -0.71 .0.74 -0.90 -0.93 -.94

6:110 -700 0 a 0 0 -.43 I -1.3 -2.0 -2.4 -2.0 .1.6 -1.3 -1.3 -1.4 .1.4 I -1.4

7:00 00 (I 0 0 .0.53 .1.6 -2.7 -3.3 -3.1 .2.6 .2.4 .2.5 -2.6 .2.7 -2.7

8:00 900 0 0 I -.69 -2.1 -3.6 -4.6 -4.8 I .4.6 -4.$ -4.7 -4.9 I -5.0 -5.0

9:00 - 0:00 0 .0.96 -3.0 .5.2 .7.1 -9.2 -3.9 -9.3 -9.9 -10.3 -10.5 -111.6

10:0 I 00 _U; -4.8 -8.4 -12.1 -15.3 -18.0 .20.0 -21.6 -23.0 -23.5 -23.6

11:411 - 12;00 1 -2,7 .6.5 .10.4 I -13.6 -16.3 -1XJ -19.9 -21.2 -21.6 .21.7 I

N
0Table 12. Incremental ozone concentrations (ppb) due to the Southeast Reference site

coal-fired power plant NO,, emissions under low ozone conditions for various birth hours and
plume ages (OZIPM-4 Model) 0

CD

GQ



0
N
0

Hourly Ozone olicelltration ppb)

Plume A4,C

1 2 3 4 5 6 1 11 9 11, 11 12 13 14 15 16 17 18 19 20 21

12:00 -13:00 .3.4 -7.3 -101. .13.0 -14.9 -16.4 -17.5 -17.9 19.1

13:01 - 1:00 -3.6 -6.9 I -9.2 .11.0 I -12.4 .13.4 -13.8

14:00 15:00 -3.2 .5.5 -7.2 -9.6 -9.5 .9.9 .10.1

I,5:00 - 600 -3.1 -4.8 -6.2 �7.1 -7.4 -7.7

16:00 - 17:00 .3.2 .4.6 -5.5 .5.9 .6.2

17:00 - 18:00 -3.7 I -4.6 I -5.1 -5.4

18:00 19:00 .4.0 -4.4 -4.7

19:00. 20:00

20:00 21:00 .4.2

Table 12. (cont.) Incremental ozone concentrations (ppb) due to the Southeast Reference site
coal-fired power plant NO,, emissions under low ozone conditions for various birth hours and

plume ages (OZIPM-4 Model)
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Figure 14 shows results for plumes which originate between the hours of
10 a.m. and p.m. The largest ozone depletion 17 ppb) is seen after two
hours in a plume which originates between 1 0 and II a.m. The largest ozone
formation 26 ppb) is seen after five to six hours in plumes which originates
between I and 3 p.m. Plumes which are emitted between p.m. and p.m. are
predominantly depletion plumes.

In general, plumes which are emitted during the hours between 9 a.m. to
I I a.m. show the greatest depletion for the longest period of time. These
plumes contain high concentrations of NO,, and are mixed to the ground after
minimal dispersion, during the morning hours when sunlight and temperature
have not reached sufficient levels to promote the rapid formation of ozone.
Plumes emitted during the period from 12 noon to 4 p.m. show relatively rapid
increases in ozone . These plumes also contain high concentrations of NO,
which is quickly mixed to the ground. However, on high ozone days, sunlight
and temperature during this time period are sufficient to promote rapid formation
of ozone.

3.7.2 Median Ozone Plant Case

Figures 15 and 16 show results for the OZIPM-4 model power plant
simulations under median ozone conditions. The trends under median ozone
conditions are very similar to the results for high ozone conditions, with less
extreme ozone formation and depletion seen under median ozone conditions.
Figure 15 shows results for plumes which originate between the hours of
midnight and 9 a.m. Ozone depletion is seen in all these plumes during the first
hour(s) of travel time. Ozone concentrations for plumes emitted during this time
period ranged from 8.4 ppb to 67 ppb.

Figure 16 shows results for plumes which originate between the hours of
10 a.m. and p.m. The largest ozone depletion (45 ppb) is seen after four
hours in a plume which originates between 1 0 and 1 1 a.m. The largest ozone
formation (I I ppb) is seen after six hours in plumes which originate between I
and 3 p.m. Plumes which are emitted between 4 p.m. and p.m. are
predominantly depletion plumes.

3.7.3 Low Ozone Plant Case

Figures 17 and 18 show that the net effect of NO,, and NMOC emissions
from the coal-fired power plant during low ozone conditions is the depletion of
ambient ozone. All ozone concentrations predicted for plumes born between
midnight and p.m. are less than the corresponding predictions for the low
ozone base case. The largest depletion (-24 ppb) is seen in a plume which
originated at IO a.m. and traveled for 1 1 hours. The greatest ozone depletion
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is not seen near the plant on low ozone days, as was predicted in some plumes
under median and high ozone conditions and is often reported from plume
measurement studies. (Most plume ozone measurement studies are conducted
during moderate to high ozone conditions when ambient ozone concentrations
are sufficiently high to show significant depletion near the plant, where NO
concentrations are high.) In the low ozone base case, the peak daily ozone
concentration without plant emissions is 45 ppb and morning ozone
concentrations are much less. Not until later in the afternoon, when ambient
ozone concentrations have increased, will ozone depletion from the power plant
NO., emissions, be evident under low ozone conditions.

As mentioned earlier, the peak daily one-hour average temperature during
the composite low ozone day is 67' F (I 9.40 Q. Apparently, the combination
of meteorological inputs comprising the low ozone day are not sufficient to
promote the formation of ozone, even several hours downwind of the plant.
This is consistent with many plume measurement studies (Keifer 1977; Gillani
and Wilson 1980; Davis 1974; Meagher et al. 1981; Luria et al. 1983) which
report the formation of ozone concentrations above ambient, within the plumes
of power plants only after several hours of travel time on sunny, summer
afternoons when temperatures are high.

3.7.4 Discussion

These results from the OZIPM-4 model under low, median and high
ozone conditions are generally consistent with plume measurement studies
reported by Keifer 1977) for seven
power plants in Virginia, West
Virginia and Maryland. Keifer
divided the plumes he studied into ese.:� resulhk�� ftdm� Jlhe
two groups: ozone depletion plumes OZIPW4 MOW - d 1,
and ozone formation plumes. Ozone me �1�"d h, ��.��:Wz&ne�. ..... ......depletion occurred at short downwind con did ns..... are� eenerd
distances in both types, but at greater .. ........ . ....on t ....�::Wt 0 U... . .. .. .......... .. . . . ......downwind distances, increases in . ..... .. .. ..... ............... .. ...... .....me Urm d' ds. U. ies�re...... ....... ..... .. .. ...... ... ... ..ozone concentrations above ambient .... .......... ......
levels were seen in the ozone .. .... ..... .

1 : X ..... . .. ........ . .. . .. .. ..... .. . .. .. .. ...formation plumes. Keifer (1 977) .. .. .. .... .. ..... .
reported that on warm, sunny days, at
downwind distances beyond the region of ozone depletion, ozone concentrations
up to 40 ppb above ambient were observed in seven power plants in Maryland,
Virginia and West Virginia. He concluded that the magnitude of the ozone
"bulge" depended on the solar flux, temperature and ambient reactive
hydrocarbons.
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Refer to Table 13 for a comparison of Keifer's observations with the case
study results from the OZIPM-4 model on low, median and high ozone days.
Generally, Keifer reported that ozone formation plumes were not observed when
surface temperatures were below 21' C. On low ozone days when the daily
peak temperature was 19' C, results from the OZIPM-4 model simulations
showed no ozone formation in any plume. Keifer noted that ozone bulges were
observed only at great downwind distances (50 to 80 km or to 10 hours travel
time) when temperatures were between 21 and 26' C. On median ozone days
when the daily peak temperature was 28' C, results from the OZIPM-4 model
simulations showed ozone formation as high as I I ppb at distances from 75 to
I 00 km from the plant (or 6 to hours travel time). When temperatures were
above 260 C, sizable ozone bulges on the periphery of the plume were observed
within a few kilometers downwind (Keifer 1977). And on high ozone days
when the daily peak temperature was 34' C, results from the OZIPM-4 model
simulations showed a plume average ozone concentrations high as ppb within
9 km (one hour) of the plant up to 26 ppb within 45 to 72 km (5 to hours) of
the plant.

Table 13. Comparison of the OZIPM-4 model case study results with
Keifer's 1977) summary of plume measurement studies

Keifer 1977)(') OZIEPM-4 Model Case Study Results

Daily Peak Observation Daily Peak Prediction
Temperature Temperature

<210 C No 0, fon-nation 190 C No03 formation
(low ozone day)

21 to 260 C Formation at large 280 C I I ppb at 75 km
distances (median ozone to I 0 km, 6 to

day) 8 hours) (plume
average
concentration)

>260 C Sizable bulges on 340 C 5 ppb within 9
periphery of (high ozone day) km (I hr); up to
plume withina 26 ppb within 45
few kilometers km - 72 km ( to

8 hours) (plume
average
concentration)

(1) Based on measurement studies of seven power plants in Maryland, Virginia, and
West Virginia
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3.8 MAP-03MODEL

Predicted ozone concentrations from the OZIPM-4 model correspond to
travel time (in hours) from the start of a simulation or to a travel distance
(assuming some wind speed) from the source. The MAP-03model is used to
spatially distribute the ozone concentrations predicted by the OZIPM-4 model,
throughout a user-defined study area over some time period of interest. The
objective is to generate predicted ozone concentrations in each sector or grid of
the study domain, similar to the output from Eulerian-type models.

Surface observations of wind speed and direction are used to calculate
the path of the plume (trajectory) during each hour from midnight to 9 p.m., for
each day of the ozone season.
Hourly ozone concentrations
predicted with the OZIPM-4 model .. . . ..... ..

.. . . ....... . .. .... .. ..
are assigned to each hour of each tf ce: observatibihs.. ..wind............. .....trajectory, according to the Plume speed4nd...4MM ��.::are. used..... .. .. ..... . ................... ..birth hour and age. As the plume ea cu a e c�to.: 'I 1 I th pa&W '��the:�
passes over the gridded study area, �p. durtng:��
hourly ozone increments due to the ml nizAOUFA* d htplant emissions are collected for . ... .. ..... . .. ....... ..... .. . . ...........
each grid location. ..... ...... . .. ...... .. .. . . .. ....... . .... . . ....... ...... .. .. .... .. .. .....one-Seasoft ... ..... ..... ... . ........... ....... .... ... .. . . ........ .. .. ..... .. ... ..

These hourly ozone
increments are then used to calculate
the daily peak ozone increment for each day of the ozone season, in each grid
location. The predicted daily peak ozone increment, as well as the measured
Southeast Reference site background concentration, are reported for each grid,
on each day that the combined total of the background concentration and the
increment is greater than or equal to 80 ppb. These results are used for the
health effects portion of the fuel cycle analysis of the coal-fired power plant.
Background ozone concentrations are discussed in Section 38.2.

Alternatively, the hourly ozone increments, at each grid location, are used
to calculate the 9 a.m. to 9 p.m. seasonal average ozone increment for the crop
effects portion of the study.

Figure 19 shows a flowchart of the MAP-03 Model. The first module of
the model (trajectory module) reads the surface observations meteorological data
file from the National Climatic Center (format 1440). Observations from the
Knoxville, McGhee Tyson Airport for 1990 were used for the Southeast
Reference site. The trajectory module calculates coordinates for plume
trajectory endpoints for plume trajectories during the period from midnight to
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9 p.m. for the entire ozone season (May I to September 30). These plume
trajectories vary in length from 21 hours to I hour (plume ages) and correspond
to plumes which originate between midnight and p.m. (birth hours to 20).

The ozone mapping module of the MAP-03 model assigns ozone
concentrations to each hour of each plume trajectory. Recall, that there are three
sets of hourly ozone concentrations from the OZIPM-4 that correspond to low,
median and high ozone conditions. The ozone mapping module reads a file
containing the peak daily monitored ozone concentration for each day of the
ozone season 153 days) and based on this ozone concentration assigns a
designation of low, median or high to each day. Plume trajectories on high
ozone days have ozone concentrations that correspond to high ozone conditions,
trajectories on median ozone days have concentrations that correspond to median
conditions and so on, until each hour of each plume trajectory has a predicted
ozone concentration.

As discussed in Section 33, the cumulative frequency distribution of
peak daily ozone concentrations from the Knoxville, Rutledge Pike monitoring
station (Fig. 5) was used to assign designations of low, median, and high to each
day of the ozone season, based on the assumption that the top third days of the
cumulative frequency distribution of ozone concentrations are 'high' days, the
middle third of the days are 'median' days and the lower third are 'low' days.
Based on this distribution, high ozone days have peak daily ozone concentrations
greater than 80 ppb, low ozone days have peak daily ozone concentrations less
than 60 ppb and median ozone days have peak daily ozone concentrations
between 60 and 80 ppb.

3.8.1 Polar Grid

In the MAP-03model, the receptor grid over which plume trajectories
are mapped is a polar grid. The grid has sixteen sectors and 34 downwind
distances. A preliminary trajectory analysis using meteorological data for the
month of June showed that the average hourly displacement of the plume from
the source was approximately 10 kilometers. Therefore, this distance was
chosen as the ring spacing for the polar grid. The first ring was spaced five
kilometers from the source and every ring thereafter was spaced every ten
kilometers, out to 325 kilometers. The first ring was spaced only half the
expected plume displacement so that the plume trajectories will tend to terminate
in the center of each cell. Table 14 shows the frequency with which plumes
terminated at each of the downwind distances in the polar grid surrounding the
power plant during the month of June. Ring distances were spaced out to 325
kilometers based on the decreasing frequency of plume
impacts seen in Table 14. Plume trajectories during different times of the ozone
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Table 14. Frequency of number of times that plume trajectories terminate
at each of 34 radial distances of the polar grid surrounding the

power plant during June 1990

Distance Count Frequency
(km) (hr)

0 to 204 2.9
5 to 15 1292 2.9
15 to 25 926 18.6
25 to 35 698 13.4
35 to 45 626 10.1
45 to 55 504 9.0
55 to 65 419 7.3
65 to 75 370 6.0
75 to 85 353 5.3
85 to 95 240 5.1

95 to 105 211 3.5
105 to 115 197 3.0
115 to 125 156 2.8
125 to 135 143 2.3
135 to 145 115 2.1
145 to 155 99 1.7
155 to 165 98 1.4
165 to 175 76 1.4
175 to 185 59 1.1
185 to 195 41 0.9
195 to 205 22 0.6
205 to 215 16 0.3
215 to 225 17 0.2
225 to 235 7 0.2
235 to 245 11 0.1
245 to 255 3 0.2
255 to 265 5 0.0
265 to 275 3 0.1
275 to 285 5 0.0
285 to 295 4 0.1
295 to 305 2 0.1
305 to 315 3 0.0
315 to 325 3 0.0

>325 2 0.0
0.0

Total: 6930 100
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season may travel longer distances, however 325 kilometers was thought to
adequately account for the majority of plume trajectory distances.

There are several reasons or using a polar grid in the MAP-03model,
over the rectangular grid found in many air quality models. Essentially, a polar
grid is thought to be more representative of the actual horizontal dispersion of
a plume from a stack than a rectangular grid. Figure 20 shows an eight hour
plume trajectory located at the center of both a rectangular and polar grid. The
cell size in each grid (length and width of rectangular grids or ring spacing in
polar grid) is intended to be similar in scale to the average hourly displacement
of the plume. (This spacing would be approximately ten kilometers for the
Southeast Reference site.) In Fig. 21 each cell that is impacted by the plume
trajectory is shaded. The area that is shaded for the rectangular grid is smaller
than for the polar grid, and does not account for the fact that the plume has
spread more horizontally at greater downwind distances. The polar grid does
account for the widening of the plume with downwind travel distance. In the
MAP-03 model, ozone concentrations that occur during each hour of this
example trajectory, occur in each shaded cell of the polar receptor grid.

The polar grid sectors were spaced every 22.5 degrees, since this angle
is thought to adequately account for the horizontal spread of the plume over the
ozone season. Typically, in Gaussian dispersion models the horizontal and
vertical spread of the plume is defined in terms of y and az. (y and a, are the
standard deviations of the concentration distribution in the horizontal (y) and
vertical directions (z). The most widely used method for determining ay ad az,
was developed by Pasquill 1961) and Gifford 1961) and modified by Turner
(1967). The Pasquill-Gifford curve (ay versus downwind distance) was used to
estimate horizontal plume widths. Table 15 shows ay values for each stability
class, at 10 kilometers from the stack. The plume width, defined as 4.3ay is
also shown for each stability class. (The plume width is defined here as 4.3ay
so that the concentration at the plume edge is 10% of the plume centerline
concentration.)

The horizontal plume spreading angles are also shown in Table 15. For
stabilities D, E and F the spreading angles are 14, 1 0 and 7 degrees,
respectively. For stabilities A, and C they are 38, 29 and 21 degrees,
respectively. As stated earlier the most frequently occurring stability during
summer daytime hours is stability (moderately unstable). Based on these
results, it seems reasonable that ozone concentrations predicted at ground level
with the OZIPM-4 model should be distributed, with the MAP-03model,
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Table 15. Horizontal plume spreading angle for each stability class

Stability ay Plume Width Horizontal Plume
Class (meters) at 10 kilometers Spreading Angle

(4.3 ,) (degrees)
(meters)

A 1600 6880 38

B 1200 5160 29

C 850 3655 21

D 550 2365 14

E 420 1806 10

F 280 1204 7

throughout the study area, based upon a polar grid with 22.5 degree sector
spacing. This is also consistent with the way some other dispersion models
handle horizontal plume spreading such as the Air Quality Dispersion Model
(AQDM) and the Industrial Source Complex Long-Term model (ISCLT). These
models do not utilize c, but rather, spread the plume uniformly over 22.5 degree

sectors (EPA 1990).

3.8.2 Background Ozone Mea surements

In addition to the incremental ozone concentrations due to the coal-fired

power plant, both the health effects and the crop effects portions of this study
require background ozone concentrations. This section describes the background
ozone concentrations that were used in the analysis. Background is used here

to refer to ambient ozone concentrations in the vicinity of the Southeast

Reference site that are not affected by the power plant emissions. Unfortunately,
the nearest ozone monitoring station is located downwind of an urban area and
may not be representative of ozone concentrations expected at the Southeast

Reference site. This section discusses the implications of this situation and

describes adjustments that were made to the measured background ozone
concentrations.

The crop effects portion of the study re quires a 9 a.m. to 9 p.m. seasonal
average ozone concentration. Background ozone concentrations were obtained
from monitoring data at the Knoxville, Rutledge Pike station. The twelve hour
(9 a.m. to 9 p.m.) seasonal average ozone concentration was calculated from

hourly observations during the period May I to September 30, 1990. This

seasonal average ozone concentration is 53 ppb. Since the Rutledge Pike
monitor is located 60 kilometers from the Southeast Reference site and is located
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within the influence of the urban area of Knoxville, TN, these ozone
concentrations are probably higher than would be expected from a monitor
located nearer the Southeast Reference site and outside the influence of any
urban areas. However, no better monitor location is available. No adjustments
will be made to the twelve hour seasonal average ozone concentration based on
the Rutledge Pike monitoring data.

The health effects portion of this study requires a daily peak one-hour
ozone concentration for each day. The highest ozone concentrations measured
at the Knoxville, Rutledge Pike monitor most likely occurred on days when the
site was within the influence of the urban plume from the city of Knoxville
(population 165,000). For this reason, the highest background ozone
concentrations measured at the Knoxville site were adjusted downward, based
on modeling results, to better represent the maximum background ozone
concentrations expected to occur at the rural Southeast Reference site. Figure
22 shows the top 50% of the cumulative frequency distribution of peak daily
one hour ozone concentrations from the Knoxville, Rutledge Pike monitoring
station (Fig. shows the entire distribution). Also shown in the figure, are
results from the OZIPM-4 simulations for the high and median base case
simulations at the Southeast Reference site (triangle markers). The modeled
daily peak one-hour ozone concentration under high ozone conditions for the
Southeast Reference site was 88 ppb. The modeled daily peak one-hour
concentration under median ozone conditions was 56 ppb. These values were
expressed as ratios to the corresponding monitored concentrations. The peak
daily monitored ozone at the same percentile as 88 ppb was 117 ppb and the
peak daily monitored ozone at the same percentile as 56 ppb was 70 ppb. The
average of the two ratios was 0776. This number was used to adjust the
monitored daily peak one-hour ozone concentrations from the Knoxville
Rutledge Pike monitoring station to be more representative of background
conditions within the vicinity of the Southeast Reference site. (The line in Fig.
22 through the Southeast Reference site modeled results (triangle markers) is
0.776 times the regression line through the monitored results.) Based on this
adjusted background ozone frequency distribution, high ozone days at the
Southeast Reference site have peak daily ozone concentrations greater than 62
ppb and median ozone days have peak daily ozone concentrations between 47
and 62 ppb. These adjusted background concentrations were used for the health
effects portion of the ftiel cycle analysis of the coal-fired power plant. (Due to
the health effects threshold of 80 ppb, no results from the MAP-03model were
needed unless the combined total of the background and the increment due to
the plant were greater than or equal to 80 ppb.)
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4. RESULTS

4.1 SEASONAL AVERAGE 9 A.M. TO 9 P.M. OZONE
CONCENTRATIONS

Results from the MAP-03model, for the crop effects portion of the coal
fuel cycle analysis, are shown on isopleth maps in Figs. 23 and 24. (Results
from the MAP-03model were converted to Cartesian coordinates and written
to files for import to the isopleth graphing routine SURFER.) The power lant
is shown in the center of each isopleth map with a triangle marker. The scale
of each figure is in kilometers from the plant. Incremental ozone concentrations
are reported in ppb. Results are presented separately for two cases; one with
and one without ozone depletion. (Ozone concentrations above base case -will
be referred to as ozone bulges and ozone concentrations below base case will
be referred to as ozone depletions.)

Figure 23 shows the predicted impact of the coal-fired power plant
emissions on the seasonal 12-hour average ozone concentrations due to ozone
bulges only. These results represent an upper bound estimate of the impact of
the power plant emissions on ozone concentrations, since ozone scavengin 
not accounted for. As seen in Fig. 23, the highest 12-hour seasonal average
ozone concentration (based on ozone bulges only) is 1.1 ppb (the smallest
isopleth line) and occurred approximately 40 kilometers from the plant in the
east northeast (ENE) direction. The lowest isopleth plotted in Fig. 23 is 0.01
ppb. This seasonal average ozone concentration occurred as far away as 300
kilometers from the plant in the northeast direction (NE) and 180 kilometers in
the southwest (SW) direction.

Figure 24 shows the predicted impact of the coal-fired power plant
emissions on the seasonal 12-hour average ozone concentrations due to both
ozone bulges and depletions. These results represent the lower bound estimate
of the impact of the power plant emissions on ozone concentrations. The
highest increase in 12-hour seasonal average ozone concentration is 07 ppb (the
smallest isopleth line) and occurred approximately 40 kilometers from the plant
in the east northeast (ENE) direction. The lowest positive isopleth plotted in
Fig. 24 is 0.01 ppb. This seasonal average ozone concentration occurred as far
away as 200 kilometers from the plant in the northeast direction (NE) and 180
kilometers in the southwest (SW) direction. Ozone depletion is shown in Fig.
24 with hatched isopleth lines (depressions). The hatched isopleth lines in Fig.
24 are 0.2 and -0.1 ppb. Ozone depletion occurred mostly in the immediate
vicinity of the plant and again approximately 80 kilometers from the plant in
the southeast (SE) direction.
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In addition to the results seen in Figs. 23 and 24, the seasonal 12-hour
average measured background ozone concentration of 53 ppb was also used in
the crop effects portion of the study.

4.2 DAILY PEAK OZONE CONCENTRATIONS

Results from the MAP-03model for the health effects portion of the fuel
cycle analysis are in tabular form. (The computer printout is too lengthy to
include here.) The peak daily ozone increment due to the power plant, as well
as the adjusted Southeast Reference site daily peak background ozone
concentration, are reported at each location in the polar grid (each downwind
distance and sector) for each day of the ozone season (provided the combined
total of the background and the increment due to the plant were greater than or
equal to 80 ppb). This criterion was met (and results were reported) for fifty-
one days during the 1990 season. These days were the fifty-one 'high ozone'
days in the ozone season. One of the fifty-one high days was in the month of
May, eleven were in June, fifteen were in July, fifteen were in August and nine
days were in September.

As mentioned earlier, the definition for a high ozone day, was the top
one third 51/153 days) of days according to the peak daily ozone concentrations
(See Fig. [51 for the frequency distribution of peak daily ozone concentrations).
Due to the health effects threshold of 80 ppb, only results for high ozone days
were included since the highest median base case concentration of 62 ppb plus
the highest ozone increment due to the plant during median conditions was 
ppb for a combined total of 73 ppb, which is well below the threshold of 0
ppb.

As stated above, results for the health effects study are in tabular form
and correspond to fifty-one days of the ozone season. (If the actual results used
in the health effects portions were presented here graphically it would require
51 figures, one for each day.) Figure 25 is provided here, to illustrate the spatial
distribution of daily peak ozone concentrations during the 1990 ozone season at
the Southeast Reference site. The ozone concentrations shown in Fig. 25 are the
increases in the maximum daily peak ozone concentrations at each location in
the receptor grid. As seen in Fig. 25 the largest increase in daily peak ozone
concentration due to the power plant emissions during the ozone season, was 26
ppb, occurring within 20 km of the plant. An increase of 25 ppb in the peak
daily ozone concentration occurred over a wider area, from 120 km in the
northeast direction to 80 km in the southwest direction. An increase in daily
peak ozone concentration of I ppb was seen as far away as 200 km in the
northeast direction and 130 km in the southwest direction.
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5. MODELING ASSUMPTIONS AND LIMITATIONS

In any modeling application, it is important to note the limitations and
assumptions of the model. Model assumptions specific to the OZIPM-4 model
are discussed in Section 32. This section refers to assumptions and limitations
of the general modeling methodology and the MAP-03model.

1. Three sets of base case conditions (base case scenarios) are used to
model the range of conditions which occur over the entire ozone season.

2. The top one third of ozone season days are described as 'high' ozone
days, the middle third are described as 'median' ozone days and the
lowest one third are described as 'low' ozone days.

3. Biogenic NMOC emissions are assumed to be spatially constant
throughout the study area and to vary with time of day.

4. Anthropogenic emissions of NO,, and NMOC emissions are assumed to
be uniformly distributed throughout the study area and throughout the
day.

5. Solar radiation is varied by selecting calendar days which represent a
range of solar intensities.

6. Concentrations of ozone and ozone precursors transported aloft in rural
areas on high ozone days could be expected to be as high as
concentrations transported aloft in some urban areas.

7. The NOX emission flux used to simulate emissions from a power plant
in the OZIPM-4 model is not appropriate for time periods less than one
hour.

8. The combined average of the observed 10-meter wind speed and the
calculated stack top wind speed is representative of wind speeds
transporting pollutants in the plume downwind of the power plant stack.

9. NOx emissions from the power plant during the period 9 p.m. to
midnight are not expected to have a significant impact on ozone
concentrations the following day and are not handled by the model.

10. NO,, emissions from the power plant during the period midnight to 9 a.
in. are assumed to be transported aloft (with additional horizontal
dispersion) until 10 a.m. at which time they are mixed to the ground.
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11. NO,, emissions from the power plant during the period 10;a. m. to p.m.
are assumed to be mixed to the ground within the first hour of travel
time.

12. The same assumptions of atmospheric mixing apply to all.three base case
conditions.

13. The modeling methodology ........... . .. .... .. . . .. ......... ... ...
assumes no carryover of ex:]�]. m 04 e..... . . .... .... ........ . .... . ...... .. . ........... .......... . ..........emissions or precursor . ..... .. ..��:::Melhodol umes...�.� no.::9u: ii:ass .. ............ .... . ... .... ......... ........ ...concentrations from the previous .. .... .. ... .. ...... ........ .... ......... .... ....... .......

�s..Va oVer.:e emis tons or...day, i.e. each day is m odeled X�M ...... .. . ..... ... .............. .. . ........ . ..... ........... ... .......... .. ..cursor...:...concentra, rolts.....independently. P X.
. . .. ..... .. ..

. . . . . . ........ . .. ... ... ..
14. Polar sectors of 22.5 degrees �e d

adequately account for horizontal i�:�In: spend.......... . .. .... . . ... ........ .. ..... .. .. .. ..... .. ... .....dispersion of a plume (especially . ......... . .. ...... . ........... .. ..............

during daylight hours) from a
power plant over the ozone season.

15. Daily peak background ozone concentrations from the Rutledge Pike
monitor are adjusted by the ratio 0.776) of measured concentrations to
modeled concentrations (for the 50th and 96th percentiles) at the
Southeast Reference site.

16. In calculating one-hour ozone concentrations, the model does not account
for horizontal dispersion beyond the first hour that the plume mixes to
the ground.

6. AIR QUALITY IMPACT OF NO,, EMISSIONS ON OZONE AT
THE SOUTHWEST REFERENCE SITE

The impact of NO,, and NMOC emissions from the coal-fired power plant
located at the Southwest Reference site on ozone concentrations is expected to
be significantly less than at the Southeast Reference site for several reasons.
Differences between the site's are significant with respect to several important
background conditions which lead to the formation of ozone. These conditions
include meteorology, biogenic NMOC emissions, ratios of NMOC to NO,,
emissions and abient ozone concentrations. These differences are discussed
briefly here.
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Frequent and prolonged periods of stagnation can lead to the
accumulation of ozone and its precursors in the atmosphere. Warm, moist slow-
moving tropical air that pervades the southeastern U.S. during surnmer months
contributes to frequent stagnation conditions (Reisinger and Valente 1985) which
can lead to high concentrations of ozone. In contrast, meteorological data
collected near the southwest site indicate that good dispersion conditions
(Pasquill stability classes A through D) occur, on average, 56% of the time (U.
S. DOI 1983). The poorest dispersion is found during nighttime when the near-
surface air is stable, with low wind speeds.

In general, better dispersion occurs with greater mixing depth. Mixing
heights which are a measure of the thickness of the layer of the lower
atmosphere in which air pollutants are mixed are significantly different for the
Southeast and Southwest sites. According to Holtzworth 1972) the mean
summer afternoon mixing height in the vicinity of the Southwest site is
approximately 4000 meters. The corresponding value for the Southeast site is
1,800 meters.

Another notable difference between the two sites is the occurrence of
biogenic NMOC emissions which contribute to the formation of ozone and
should be included in any ozone assessment. Significant biogenic emissions
occur from the forest that covers most of the 1364 acres surrounding the
Southeast site. Much smaller quantities of biogenic emission are expected from
the semiarid grass and shrubland vegetation that surrounds the Southwest site.

The photochemical formation ........ ........ .
. . .. ..... .. .. .... .... .. . . .. .. .....

of ozone in the troposphere is a ... .. . .. .. ....... ..... .. ...... .. . ....... .. .. .. . ..... ..function of the NMOC:NOX ratio of add"fflon. . � 4 .... NO...... .....
precursors. An optimum NMOC:NO,, .. .. .....o h:.emissions:, .m �. I owe. . .. .. ....... . . :::,e ��p ... .rprecursor concentration will result in ......... . .. ........ . . ... .. ............ . .. .. ..........

maximum ozone concentration. W n a r e. ..... .. ........ . ......... ..
According to data reported in the yl� W:

emission. ra O..
New Mexico Generating Station NO:: 6.. .. ......... .Environmental Impact Statement, WilFresid increased ozone.. ..... . . . . . . .. ... . . ..... ......1980 anthropogenic emissions co n. peatral i. o n:s::.. C]��....... . .... .. .. .... .. . .......... ....... ...... .... .. . ..... ... . .. ..... .. .. . .... .... ....... ........ ..densities of NOX and NMOC within ..... .Vu tPeSf she ............. .... .. .. .. . ..... .. .m: X:i:X
the San Juan A ir B asin w ere ............ .......... .......... ................ ... . ..... .. . .. . . ........ . .. ........ .. .
estimated to be 11.4 kilograms per
square kilometer per day (kg/krn�-day) and 1.97 kg/km'-day respectively. The
average emission densities in 13 counties surrounding the Southeast Reference
site, are 11.2 kg/km'-day for Nx and:15.7 kg/kM2 -day HC 17.0 kg/kin'-day,
including biogenic emissions). The Southwest Reference site emission inventory
derived ratio of NMOC:NO, emissions is 1.5. The corresponding value for the
Southwest site is 017. It seems unlikely that the addition of more NO,,
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emissions from the power plant to an area characterized by a very low
NMOC:NO,, emission ratio will result in increased ozone concentrations at the
Southwest site. There simply may not be NMOC emissions in sufficient
quantities to react with NO,, emissions from the power plant. (The NM0C:N0"
ratios discussed here are for comparison purposes only and should not be
confused with ambient ratios which are expressed on a volume basis.)

Additionally, ambient ozone concentrations at each site are very different.
Fig. 26 is a plot of the monthly average peak daily one-hour ozone concentration
for four ozone monitoring stations in the EPA AIRS database. The two
southeast monitors are Rutledge Pike and Mildred Drive, located approximately
60 kilometers from the Southeast site. The two southwest monitors are Petrified
Forest National Park and Bemalillo County, New Mexico, both located
approximately 190 km from the Southwest site. As shown in the figure,
significant differences (up to 28 ppb) between the two regions occur in the
monthly average, daily peak I -hour ozone concentration from June to
September.

Finally, the arithmetic mean 1-hour ozone concentration for the third
quarter of 1990 at the two southeast sites was 77.6 and 74.9 ppb. The
corresponding values at the southwest sites were 54.1 and 53.3 ppb. Any small
incremental increase to the ambient ozone concentration from the power plant
is unlikely to bring the total ozone concentration above 80 ppb (selected as a
practical threshold for health effects portion of this study).

Therefore, the impact of NO,, emissions from the power plant located at
the Southwest Reference site on ozone concentrations is expected to be
significantly less than at the Southeast Reference site and for this reason, a
detailed modeling analysis was not undertaken.
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