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Figure 24. Annual-average conserved pollutant intake fraction for urban hypothetical DG
units (n = 34), both co-located with existing sources and sited at the city halls of the
eleven most populous cities in California, sorted by annual-average iF. The effective
stack height for all hypothetical DG units is assumed a constant 5 m.
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Figure 25. Annual-average conserved pollutant intake fraction for rural, hypothetical DG
units located at the sites of all rural existing plants of all types (n = 14), sorted by iF. The
effective stack height for all hypothetical DG units is assumed a constant 5 m.
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I1L.A.1l.c Comparisons Between Existing Units and Hypothetical DG Cases

Figure 26 compares the annual-average iF for the three types of existing units and
co-located hypothetical DG units. As the population downwind and the meteorology are
the same within pairs of co-located units, the affect of decreasing effective stack height to
ground level (5 m) is revealed. The difference is approximately an order of magnitude
between pairs of existing and hypothetical DG units at both central station sites (whose
annual-average effective stack heights are typically hundreds of meters) and cogeneration
sites (with annual-average effective stack heights near 100 m). Recalling the three key
influences on iF, lowering the stack height increases proximity by decreasing the
(vertical) distance between the source and receptors. The result is higher ground-level
concentrations in the downwind region per unit mass emitted and, consequently, higher
intake. For the existing DG (> 1 MW) sites, the difference is less — a factor of 4. While
their annual-average stack heights are only slightly greater than those for cogeneration
plants, this divergent result could be related to differences in the proximity to and density
of nearby population centers.

Figure 26 also reveals that the variability in iF within case types (as expressed by
the range) is greater than the variability between types, for both existing units and
hypothetical DG cases.

Figure 27 examines the relationship between intake fraction and release height for
individual pairs of units co-located at central station sites. The chart separately plots the
four combinations of modeling designations for the existing central stations. For urban
sources (both elevated and ground-based), the range of difference between location pairs
is from less than one order of magnitude to nearly two. The same range of differences is
found for central stations located in rural areas. It should be noted that in modeling, we
designated stacks as either elevated or ground-based, not plants. For display purposes,
Figures 28-29 assign a similar designation to the entire plant based on the level at which a
majority of pollutant volume is emitted.

Figure 28 and 29 are similar to Figure 27 except the type of existing unit is
cogeneration and DG (> 1 MW), respectively. A similar difference in intake fraction is
observed between these co-located pairs of existing and hypothetical DG units.
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Figure 26. Interquartile box plots of conserved pollutant, annual-average intake fraction
for existing sources (existing) compared to co-located hypothetical DG (HypDG) sources
within each of three categories of cases (n(CS) = 25, n(cogen) = 6 and n(DG) = 6). This
plot displays the differences in distributions of intake fraction (per million) for sources of
non-negligible effective stack height (existing sources) compared to those with a constant
effective stack height of 5 m, given the same meteorology and population distribution
within 100 km. (See Figure 9 caption for interpretation of the interquartile box plot.)
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Figure 27. Comparison of annual-average conserved pollutant intake fractions for central
stations and co-located hypothetical DG units (Hyp DG) by location category
(urban/rural) and release type (elevated/ground). The only difference within a location
pair is the effective stack height, which is assumed to be a constant of 5 m for all
hypothetical DG cases and is calculated hourly for all existing sources. There is one
urban, ground-level central station location pair; 17 urban, elevated pairs; three rural,
ground-level pairs; and four rural, elevated pairs.
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Figure 28. Annual-average conserved pollutant intake fraction for pairs of existing
cogeneration stations and co-located, hypothetical DG units (Hyp DG) by location
category (urban/rural) and release type (elevated/ground). The only difference within a
location pair is the effective stack height, which is assumed constant at 5 m for
hypothetical DG cases and is calculated hourly for existing sources.
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Figure 29. Annual-average conserved pollutant intake fraction for pairs of existing DG
(> 1 MW) and co-located, hypothetical DG units by location category (urban/rural) and
release type (elevated/ground). The only difference within a location pair is the effective
stack height, which is assumed constant at 5 m for hypothetical DG cases and is
calculated hourly for existing sources.
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[1I.LA.2Results for Decaying Pollutant

Figure 30 compares the annual-average intake fraction for conserved pollutants to
that for a primary decaying pollutant, formaldehyde. The distributions incorporate all
existing units (central station, cogeneration and DG (> 1 MW)). The iF for primary
formaldehyde is, in central tendency, approximately 80% of the iF for primary conserved
pollutants. It also should be noted that the variability within each class of pollutant is far
greater than the variability between the classes.

Figure 31 compares, for primary formaldehyde, annual-average intake fraction for
existing units and co-located hypothetical DG units. Primary formaldehyde’s decay
dampens the differences between each location pair compared to the differences shown in
Figure 26 for a conserved pollutant. All other comparisons within the results for primary
formaldehyde (urban/rural, elevated/ground, co-located hypothetical DG units vs. ones at
city halls) have similar results as for the primary conserved pollutant.
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Figure 30. Interquartile box plots of annual-average intake fraction for a primary
conserved pollutant and a decaying pollutant (primary formaldehyde) considering all case
types (CS, cogen, existing DG; for each pollutant, n = 37). (See Figure 9 caption for
interpretation of the interquartile box plot.)
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Figure 31. Interquartile box plots of decaying pollutant (primary HCHO), annual-average
intake fraction for co-located existing sources (Existing) vs. hypothetical DG (HypDGQG)
sources within each of three categories of cases (n(CS) = 25, n(cogen) = 6 and n(DG) =
6). This plot displays the differences in distributions of intake fraction (per million) for
sources of non-negligible effective stack height (existing sources) compared to those with
a constant effective stack height of 5 m, given the same meteorology and population
distribution within 100 km. (See Figure 9 caption for interpretation of the interquartile
box plot.)
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[lI.LA.3Comparison to Previous Research

Other researchers have assessed the intake fraction for pollutants emitted from
large point sources, such as power plants (Smith, 1993; Lai et al., 2000; Nigge, 2001;
Evans et al., 2002; Levy et al., 2002a; Levy et al., 2003; Li and Hao, 2003; Zhou et al.,
2003). The results of these studies are summarized in Table 19 (reporting estimated
intake fraction values) and Table 20 (highlighting differences in method and key
parameters). To allow for direct comparisons of intake fraction, these values are adjusted,
where necessary, to the population-average breathing rate of 12 m*/d used in this study.

Comparing our results for a conserved species to those of Nigge (2001) and to
those for primary PM, we find broad agreement. In cases where conserved or primary PM
iF estimates are considerably higher than our estimate (Smith’s for the less developed
country as well as those for China and Thailand), the different average population density
provides a probable explanation. It is likely that Phonboon’s iF is higher also because of
the “relatively low stack height” of the source (Evans et al., 2002), yielding close vertical
proximity between source and receptors. We can account for differences between our
estimates and the other studies based in the US with the following observations. First, all
of the US-based studies assume a decay rate for primary PM. Additionally, while some
specific sources in those studies are located in urban areas, most are located in rural zones
whose population density is lower than that typical of California. These two observations
would tend to reduce population iF, all other factors being equal, compared to ours. On
the other hand, the modeling domains of all other US-based studies are considerably
greater than ours. This would tend to increase population iF as more people’s exposure is
considered. This final comment might help explain Wolff’s (2000) higher population iF
result.

Some studies have noted that a modeling domain even of 500 km surrounding a
point source is not adequate to capture population inhalation intake fully. This is
particularly true for secondary species, which we do not assess in this study. It is also true
for those areas of the country that have higher rural population densities (like the
Southeastern and Midwestern parts of the US) and more numerous and spatially frequent
cities than the settlement patterns of the western part of the US. Thus, we do not expect
intake fractions from sources in California to increase substantially if we were to expand
our modeling domain.

In sum, we find broad agreement with the results of previous intake fraction
studies on similar sources to ones we assess. A novel contribution of our study is the
quantitative exploration of differences in population inhalation intake between the two
paradigms of electricity generation: central station and distributed generation. Previous
research has shown that differences in effective stack height are an important factor
influencing intake fraction (Lai et al., 2000; Nigge, 2001; Levy et al., 2002b). Our
research both extends this result to stack heights appropriate to distributed generation and
confirms the more generic sensitivity analyses of Lai et al. (2000) and Nigge (2001)
through a series of case studies. In addition, our work addresses hazardous air pollutants
which have not been studied thus far, as well as focusing on California, a coastal state
with considerably different meteorology and population distribution than previous study
locations.
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Table 19. Comparison of present results with other published values of intake fraction for
large point sources (mainly power plants). (See also Table 20 for descriptions of the
design of each of these studies.)

INTAKE FRACTION?
(per million)
CITATION s .
Conserved  Primary PM" econdary PM Decaying
Sulfate Nitrate
Smith, 1993° 0.4
(USA) (0.07 - 1.4)
Smith, 1993° 4
(least developed country) (0.6 - 13)
d 54
Phonboon, 1996 . 18 18 (SO,)
(Benzene)
Wolff. 2000° 1.3 0.10 0.016
o, (0.15-3.8) (0.04 - 0.13) (0.0044 - 0.035)
Nigge, 2001 1.8-3
0.6 0.12 0.18
Levy etal., 20022 (0.4-2.4) (0.06 - 0.18) (0.12 - 0.30)
0.4 0..096 0.038
Levyetal., 2003 (0.3 -0.6) (0.09 - 0.10) (0.035 - 0.043)
9 3.6 3.9 5.0 (SO,)
Zhou etal ., 2003 (5.4-15) (1.8 - 6.6) (1.2-9.0) (3.0-7.8)
. 9.5 1.4 1.5
Li and Hao, 2003 (5.2 - 190) (0.96 - 1.8) (0.96 - 2.0)
current study 0.78 0.66 (HCHO)
(all central station cases) (0.054 -3.1) (0.046 - 2.5)
current study 1.2 1.0 (HCHO)
(urban central station cases) (0.14-3.1) (0.11-2.5)
current study 0.12 0.11 (HCHO)
(rural central station cases) (0.054 - 0.66) (0.046 - 0.56)

* Central estimate is the arithmetic average, with the min/max range (when reported) in parentheses.
All values are adjusted to a breathing rate of 12 m’/d.
"A decay rate is assumed in each study for primary PM.
¢ As reported in Smith, 1993 and Evans et al., 2002.
4 As reported in Evans et al ., 2002. Breathing rate for original values in Wolff (2000) assumed to be 20 m*/d.

®While a decay rate is used for benzene, it is so slow that this pollutant can be considered as a conserved species.
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Table 20. Brief description of the models and key parameter values of each of the intake fraction studies cited in Table 19.

Number of stack Average Modeling
o Point ; Urban/  Country/  Population . . Domain / ) .
Citation Sources Hel(?:)t(s) Rural® State Density Dispersion Model Distance Grid Cell Size Comments
Assessed (per km?) Downwind

Pacific Northwest
Smith, 1993° 86 Rural USA 30 Laboratory long- USA
range transport model

based on Rowe (1981) study of hypothetical, 1000 MW
coal-fired power plants; particle size not specified.

X b . . . } applied higher population density of least developed
Smith, 1993 generic typical LDC 270 countries (LDC) to USA results.
Bangkok oil refinery emissions with relatively low stack
height; iFs did not i ignificantly b d 50 k
Phonboon, 1996° 1 Urban  Thailand 923 ISCLT2 100 km CIENE IS CUC IOt Imcrease sign icantly beyond 5
’ because population density much lower and relatively short
half-life of pollutants.
USA &
¢ ing 1 .
Wolff, 2000° 40 Both bordering 30 CALPUFF 600 100x 100 km  coal-fired plants; primary PM, 5.
> Canada & 2800 km
Mexico

tested sensitivity parametrically to population densities
Nigge, 2001 generic 200° Both Germany 70 - 1600 Gaussian 100 km characteristic of various settlement classes as well as
various effective stack heights.

15 x 15 km (met.);

L tal. 2002 9 84 168 Both Ilinoi 55 CALPUFF 750 X & coal-fired power plants near Chicago, IL; full year
evy etal., a - of] inois 750 km census tract (pop. simulation (1999); primary PM 5.
conc.)
coal-fired plants near Atlanta, GA; used projected 2007
250 x 250 km (met.); population; primary PM, s results from CALPUFF are

Levy etal., 2003 7 250 - 500° Both Georgia 50" CALPUFF 500 km census tract (pop. &  within 10% of those for source-receptor (S-R) matrix over

conc.) same domain and 70% of the S-R-derived value for a
domain of the continental US.
7h tal. 2003 ) 210 Utb Chi 180 CALPUFF 3360 X 2(:) x;?kl:' (met.g iF's were computed as the average of 10-day episodes in
ouetal., roan na 3360 km x ()popA each of 4 seasons in 1995; primary PM, s.
conc.
40 x 40 km (met.);
Hunan radial receptor grid
Li and Hao, 2003 17 25-240 Both province, 135-1770 CALPUFF 500 km (r = 1 km near source, primary PM, ;.
China 50 km beyond 200 km
from source)
California & radial receptors at 0.5 annual-average iF based on an hourly, annual cycle of
current study . . . . . X e .
X 25 52-1010 Both bordering 85 Gaussian 100 km km increments; census typical meteorological conditions; n(urban) = 18;
(central station cases) . _
Mexico tract (pop.) n(rural) = 7.

* This is a description of the character of the population density in the vicinity of the source(s).

® As reported in Smith, 1993 and Evans et al., 2002.

¢ As reported in Evans et al ., 2002.

dus population density estimated based on average of 1990 and 2001 population density (US Census, 2003).
¢ Values reported are effective stack heights (m).

f Georgia population density estimated based on average of 1990 and 2001 population and Georgia land area (US Census, 2003).



[11.B Intake-to-Generation Ratio Results

The intake-to-generation ratio represents the mass of emitted pollutant inhaled by
the downwind population per unit of electricity delivered. It is an intake fraction
normalized by a pollutant- and technology-specific emission factor. The goal in this
section of the report is two-fold. First, we estimate intake-to-generation ratios for both
primary PM, s and formaldehyde for two types of existing units: central stations and DG
(> 1 MW). * Figure 32 compares IGRs of the two types of existing units for primary
PM, s; Figures 33-35 explore differences within existing central stations across the two
modeling designations (urban/rural and elevated/ground) and fuel types. Results for
formaldehyde are reported only in the summary tables (section III.D) because the
direction and magnitude of all comparisons examined are nearly identical to those found
for primary PM;s.

We also estimate both primary PM; 5 and formaldehyde IGRs for the five
hypothetical DG technologies in addition to hypothetical, BACT-controlled, existing
units. > We focus on the comparison of central stations (existing and BACT-controlled)
to small-scale DG sited in downtown urban areas to emphasize the potential impact of
shifting the scale of electricity generation towards increased reliance on DG. IGRs for
DG technologies co-located at the sites of the central stations and existing DG (> 1 MW)
units are listed in Tables 23 and 24.

[11.B.1Existing Unit IGRs

Figure 32 displays the primary PM; s IGRs for existing central stations and DG (>
1 MW) units. The higher emission factor and intake fractions of the DG (> 1 MW) plants
compound to result in a factor of 20 difference in medians between the two types of
existing units. Variability is greater for central stations due to the greater number of
cases. Figure 33 reveals for urban existing central stations have an order of magnitude
greater primary PM, s IGR than rural ones. Urban and rural ground-based central stations
have greater primary PM, s IGR than ones with elevated releases (Figure 34). *® The
smaller multiple for rural elevated releases is probably a result of the relatively high stack
height used to classify rural cases. We will parametrically investigate the uncertainty
associated with our designation strategy in future work. Finally, with central stations and
existing DG (> 1 MW) units considered together, those that burn oil as the primary fuel®’

3% Recall that owing to uncertainty in emissions, we did not calculate emission factors and, by extension,
the IGR, for the cogeneration stations.

%> Assuming similar stack characteristics, iFs for BACT-controlled existing units are the same as for the
existing units themselves. IGRs are the product of the BACT emission factor and the existing unit iF.

%% This figure considers a plant “elevated” if the majority of volumetric flow is released from elevated
stacks, and vice versa for a “ground-based” designation. The reason we categorized plants by release type
for this analysis, in contrast to the intake fraction modeling designation of release type that was determined
per stack, was to be consistent with the emission factor being an attribute of the plant.

37 The analysis that produced Figure 35 considers only the majority fuel, whereas some plants burn multiple
fuels. Thus, there is not as clean a distinction between these categories as the nomenclature would suggest.
Consequently, one would expect blurring of the expected distinction in both emission factors and IGRs.
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have a factor of 40 greater primary PM; s IGR than those burning either natural gas or
landfill gas (LFG) (Figure 35). While the central tendencies of the natural gas- and LFG-
burning units is nearly equal, the distribution for natural gas units is skewed to lower
primary PM; s IGRs. Caution should be used in interpreting the results of Figure 35 since
the results for oil- and LFG-burning units are based on a small sample of three each,
compared to 25 natural gas-burning existing units.
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Figure 32. Interquartile box plots of annual-average IGR for primary PM, s for two types
of existing electricity generation sources (n(CS) = 25, n(DG) = 4). The six cogeneration
stations are not included owing to uncertainty in emissions. In addition, two existing DG
sources did not report PM emissions and so are not included here. (See Figure 9 caption
for interpretation of the interquartile box plot.)
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Figure 33. Interquartile box plots of annual-average IGR for primary PM, s by location
category (n(urban) = 18, n(rural) = 7) for central stations. (See Figure 9 caption for
interpretation of the interquartile box plot.)
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Figure 34. Interquartile box plots of annual-average IGR of primary PM, 5 by release

type and location category (n(rural, elevated) = 4, n(rural
= 17, n(urban, ground) = 1) for central stations. (For this

, ground) = 3, n(urban, elevated)
analysis, release type was

determined by plant. See the text discussion of this figure for further explanation.) (See
Figure 9 caption for interpretation of the interquartile box plot.)
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Figure 35. Interquartile box plots of annual-average IGR of primary PM; 5 by fuel type
(n(NG) = 25, n(landfill gas (LFG)) = 3, n(oil) = 3) for two types of existing electricity
generation sources (central station and existing DG (> 1 MW)). The six cogeneration
stations are not included in this analysis owing to uncertainty in emissions. Two existing
sources (both LFG) did not report PM emissions and so are not included here. (See
Figure 9 caption for interpretation of the interquartile box plot.)
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.B.2 IGRs for Small-Scale DG Technologies (< 1 MW) and
BACT-Controlled Existing Units Compared to the Existing Units

To highlight the potential exposure impact of shifting from a centralized
electricity generation system to a one with substantial DG in urban areas, Figures 36 and
37 compare primary PM, s and formaldehyde intake-to-generation ratios, respectively, for
five small-scale (< 1 MW) DG technologies located at eleven California city halls to both
the central stations themselves and hypothetical, BACT-controlled central stations. For
even the cleanest-burning, new DG technologies (microturbines and fuel cells) sited in
the urban core, the central tendency of IGR is greater by at least an order of magnitude
(for PM;5) or two (for HCHO) than existing central stations. For the other DG
technologies that are more widely used in the existing stock (ICEs and turbines), IGRs
can be as much as three orders of magnitude greater than our current system. Compared
to hypothetically BACT-controlled existing units, urban DG IGRs are another factor of 4
(for PM35) or 10 (for HCHO) larger. If the DG technologies were located at the sites of
the existing central stations, IGRs would be reduced by approximately a factor of two
owing to the lower average population density surrounding central station sites compared
to the urban core (see Tables 23-25).

For both primary PM, s and formaldehyde, while the median IGR for existing
central stations is greater than if those units were BACT-controlled, there are some
existing units with lower IGRs than even BACT-controlled units. The latter cases are at
least outliers or possibly a result of erroneous reporting or compilation of emissions.
Those plants that are likely outliers include Riverside Canal and Morro Bay for HCHO
and Valley for primary PM; s, which correspond to the list of probable outliers
considering emission factors. It is also worth calling out the likely outliers at the high end
of the range. These are Magnolia for HCHO and primary PM, s, as well as Kearny for its
HCHO IGR.

The median primary PM; 5 emission factor for the existing units is very similar to
those for the fuel cell, microturbine and NG turbines and, for formaldehyde, is within a
factor of five of all small-scale DG technologies except the NG ICE (Figures 16 and 17).
Thus, the differences between the existing unit’s IGRs and those for the small-scale DG
technologies (except the NG ICE) are due primarily to differences in intake fractions.

Because intake fractions are not a function of technology,*® it is the differences in
emission factors that cause the IGRs for small-scale DG technologies to be offset. Since
the emission factors are point estimates, and thus contribute nothing to the distributional
characteristics of the IGR, the distributions of IGR for each small-scale DG technology
are identical. The hypothetical, BACT-controlled central stations also use a point
estimate for emission factor, but their distribution is not identical to the small-scale DG
technologies because their intake fractions reflect the greater variability of the existing
units owing to differences in effective stack height. The IGRs for the existing units reflect
both intake fraction and emission factor variability.

* Intake fractions are only dependent on location and effective stack height, the latter of which is constant
at 5 m for all small-scale DG.
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Figure 36. Interquartile box plots of annual-average IGR for primary PM; s for existing
and BACT-controlled central stations (n = 25) and DG technologies at city halls (n=11).
The BACT and existing categories use the intake fraction for the existing plant; the
emission factor for BACT is taken from CARB guidance (CARB, 1999), whereas the
emission factor for the real central stations is based on reported 1999 emissions related to
electricity generation (EPA, 2003b). The intake fraction for all hypothetical DG
technology cases is for a DG unit (< 1 MW) with a constant effective stack height of 5 m
located at the city hall for California’s eleven most populous cities; the emission factor
for each technology is the best available in the existing literature (Samuelsen et al.,
2003). (See Figure 9 caption for interpretation of the interquartile box plot.)
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Figure 37. Interquartile box plots of annual-average IGR for primary HCHO for existing
and BACT-controlled central stations (n = 25) and DG technologies at city halls (n=11).
The BACT and existing categories use the intake fraction for the existing plant; the
emission factor for BACT is that for an SCR-controlled combined-cycle combustion
turbine (EPA, 2000a), whereas the emission factor for the real central stations in the
existing category is based on reported 1999 emissions related to electricity generation
(EPA, 2003b). The intake fraction for all hypothetical DG technology cases is for a DG
unit (< 1 MW) with a constant effective stack height of 5 m located at the city hall for
California’s eleven most populous cities; the emission factor for each technology is the
best available in the existing literature (EPA, 2000a). Fuel cells are not shown because an
emission factor for HCHO is not available. (See Figure 9 caption for interpretation of the

interquartile box plot.)
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[1.C Equalizing Exposure Burdens

An important goal of our research is to provide an estimate of emission factors
that small-scale DG-technologies should meet to present no greater exposure hazard per
unit of electricity generated (i.e., intake-to-generation ratio) than do central station plants.
Our estimates are presented in Figures 38-39. We focus on the comparison of small-scale
DG to central stations because our current system is so heavily reliant on central stations
that the incursion of new technologies will mostly displace either existing or new central
station production. Which EGUs will be displaced is a question that only a system
dispatch model can answer in a detailed manner. However, it has been argued that the
system-average emission factor is a good estimate for what emissions will be displaced
by an incoming small-scale DG unit (Bluestein, 2000). Because the median is less
sensitive to outlying values, we compare the median existing central station to the median
for the five small-scale DG technologies, acknowledging that for any specific hour that a
DG unit runs, its generation could displace a unit anywhere in the range we have
modeled. On the other hand, if one believes that DG will only compete for capacity
additions, then the most sensible comparison is to new combined-cycle turbines. Thus,
we have provided results based on both comparisons.

Given the inherent difference in intake fraction between the two paradigms of
electricity generation, new DG technologies must be much cleaner than central stations to
avoid increasing population intake of pollutants from electricity generation. For both
primary PM; 5 and HCHO, the emission factors required for co-located small-scale DG
technologies to achieve the intake-to-generation ratios of existing central stations are an
order of magnitude cleaner than the existing central station they would replace. This level
is nearly equal to CARB BACT for new central stations for formaldehyde and is a factor
of three lower than BACT in the case of primary PM, 5. To achieve the intake-to-
generation ratios equivalent to BACT-controlled existing central stations, co-located new
DG technologies will have to reduce primary PM; 5 and formaldehyde emissions by
another order of magnitude or more for formaldehyde and 50% for primary PM, s. This
final level is ten times lower than currently required under BACT for formaldehyde and
PM.

Small-scale DG technologies located in urban downtowns (assessed at the sites of
city halls in this analysis) have an even higher hurdle. To equal the IGRs of either
existing central stations or BACT-controlled central stations, small-scale DG
technologies located in these areas will have to reduce their emission factors by another
30-50%, owing to the inherent increase in intake fractions for these locations.
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Figure 38. Interquartile box plots of primary PM, s emission factors for small-scale (< 1
MW) DG technologies necessary to equal the IGR of the existing units or BACT-
controlled existing units. Other emission factors are shown for reference. The emission
factor for each technology is the best available in the existing literature (BACT: CARB,
1999; existing: EPA, 2004b; all hypothetical DG (< 1 MW) technologies: Samuelsen et
al., 2003). (See Figure 9 caption for interpretation of the interquartile box plot.)
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Figure 39. Interquartile box plots of HCHO emission factors for small-scale (< 1 MW)
DG technologies necessary to equal the IGR of the existing units or BACT-controlled
existing units. Other emission factors are shown for reference. The fuel cell is not shown
because there is no available emission factor for HCHO. The emission factor for each
technology is the best available in the existing literature (BACT: EPA, 2000a (for a
combined-cycle turbine with catalytic reduction); existing: EPA, 2003b; all hypothetical
DG (< 1 MW) technologies: EPA, 2000a). (See Figure 9 caption for interpretation of the
interquartile box plot.)
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[.D Summary of Results

The intake fraction and intake-to-generation ratio are useful metrics to compare
the potential for differential population inhalation intake of air pollutants emitted by the
two paradigms of combustion-based electricity generation. A tabulation of the intake
fraction and intake-to-generation ratio results, as well as the emission factors, for selected
California central station units is found in Table 21. Table 22 presents these same
measures for the cogeneration and existing DG (> 1 MW) cases. Table 23 presents the iF
and IGR results for the hypothetical DG cases co-located at the sites of the central
stations, while Table 24 presents analogous information for the hypothetical DG cases
co-located at the sites of the cogeneration and existing DG (> 1 MW) sites as well as in
the downtown districts of the eleven most populous California cities.

The median annual-average, conserved pollutant intake fraction for the existing
central stations we assessed (n = 25) is approximately 0.8 per million with a range of
approximately 0.05 to 2.5 per million. The central tendencies for existing cogeneration
plants (n = 6) are slightly lower and for existing DG (> 1 MW) a factor of 3 higher (n =
6), owing to differences in population density surrounding the units and characteristic
effective stack heights, respectively. Hypothetically co-located small-scale DG (< 1 MW)
technologies, with constant effective stack heights of 5 m, have median conserved
pollutant iFs of approximately 10, 4 and 10 per million for central station, cogeneration
and DG (> 1 MW) sites, respectively. Small-scale DG technologies hypothetically
located at eleven California city halls exhibit iFs that are a factor of two higher than those
co-located at central stations (16 per million). The range of conserved pollutant iFs
considering all hypothetical DG cases is 0.3 per million (at the site of the Humboldt Bay
central station) to nearly 33 per million (at Los Angeles city hall).

Through comparisons amongst the cases selected, we have explored the
importance of many elements of the three key factors that influence the intake fraction.
Proximity was evaluated in terms of effective stack height, persistence in terms of
pollutant decay, and population in terms of its density. The two factors that had the
greatest impact on intake fraction were effective stack height and downwind population
density, each contributing a one order-of-magnitude or larger effect. Across both urban
and rural cases, we observed an order of magnitude reduction in iF for every order of
magnitude increase in annual-average effective stack height (over the 20 — 1000 m range
of our cases). Keeping meteorology and population downwind constant, if we
hypothetically reduce the effective stack height of existing units to near ground level
(where small-scale DG will likely emit), annual-average intake fraction is typically
reduced by an order of magnitude or two. Whether an existing unit is in an urban area
compared to a rural one can increase the intake fraction by an order of magnitude. By
contrast, persistence had a smaller effect over the range of conditions considered. The
atmospheric decomposition of primary formaldehyde emissions reduced the intake
fraction, on average, by 20% for the cases explored here.

Figure 40 summarizes the median values of primary PM; s and formaldehyde
intake-to-generation ratio for central stations (existing and BACT-controlled) and
microtubines located at the sites of the central stations and in the urban core. After
accounting for the differences in efficiency, emission rates and line losses between the
two paradigms of electricity generation, the median IGRs for microturbines located in
urban downtowns were one to two orders-of-magnitude higher than for the existing
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central stations considered in this study. Locating microturbines at the sites of the central
stations only reduces these differentials by a factor of two. If we were to limit the siting
of microturbines to rural areas, IGRs would still be a factor of three to twenty higher than
for the median of all central stations assessed (for primary PM; s and HCHO,
respectively; compared to rurally-sited central stations, microturbine IGRs are another
order of magnitude greater. Even employing the lowest-emitting DG technology — fuel
cells — results in only a 25% improvement in primary PM; s IGR compared to
microturbines. *° The other, more common DG technologies — ICEs and turbines — have
IGRs 10% to a factor of 36 times worse for primary PM, s5; for HCHO, IGRs could
improve by ~10% (for diesel ICEs and NG turbines) or increase by a factor of 20 (NG
ICE).

To equal the exposure burden of existing central station generation, primary PM; s
emission factors for small-scale DG located in the urban core must be reduced by a order
of magnitude compared to the emission factor of fuel cells (see Figure 38). To equal the
IGR of BACT-controlled central stations, a reduction of another factor of two is required.
For formaldehyde emissions, the necessary emission factors for small-scale DG
technologies located in downtowns to equal the exposure burden of central stations and
BACT-controlled central stations are two to three orders-of-magnitude lower than those
achieved by the cleanest small-scale DG technology (see Figure 39). These requirements
are primarily a result of the inherent disadvantage that distributed generation has in terms
of intake fraction. If small-scale DG were sited outside of downtown urban locations, the
emission factors could only be loosened by up to a factor of two for formaldehyde and
only 50% for PM;s.

*% Recall that we could not find a formaldehyde emission factor for fuel cells. Thus, no HCHO IGR is
calculated for this technology.
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Figure 40. Summary of median intake-to-generation ratios for primary PM, s and
formaldehyde for central stations (existing and BACT-controlled) and microturbines
located at the sites of the central stations as well as in the downtown areas of the eleven
most populous cities in California.
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Table 21. Summary of results for central station existing units.

Emission Factor

Intake Fraction

Intake-to-Generation Ratio®

. Urban / -
Central Station Rural Fuel® (mg/kWhye) (per million) (mg/MWhy) (ng/MWhqe)
Primary PM, 5 HCHO" Primary PM, 5 HCHO" Primary PM, 5 HCHO"
Alamitos Urban NG, Diesel 32 1.2 1.9 1.5 0.060 1.9
Coachella Rural NG, Diesel 82 0.72 0.66 0.56 0.054 0.40
Contra Costa Rural NG 22 0.12 0.15 0.12 0.0034 0.014
El Segundo Urban NG 20 0.48 3.1 2.5 0.062 1.2
Encina Urban NG, Diesel 24 3.7 0.14 0.11 0.0034 0.42
Etiwanda Urban NG 34 0.18 1.1 0.85 0.038 0.16
NG, Diesel,
Humboldt Bay Rural Residual Oil 28 0.16 0.057 0.051 0.0016 0.0082
Hunters Point Urban NG, Diesel 40 0.27 0.88 0.74 0.035 0.20
R NG, Diesel,
Huntington Beach Urban Residual Oil 31 0.86 1.4 1.1 0.043 0.94
Kearny Urban NG, Diesel 430 20 0.78 0.66 0.33 13
Magnolia Urban NG 2600 7.7 2.5 2.0 6.6 16
NG, Diesel,
Mandalay Urban Residual Oil 30 0.90 0.45 0.35 0.013 0.31
Morro Bay Rural NG, Diesel 28 0.038 0.054 0.046 0.0016 0.0017
Moss Landing Rural NG lng‘d“al 29 2.0 0.12 0.095 0.0033 0.1880
Mountainview Power Urban NG 35 0.37 1.7 1.2 0.059 0.45
North Island Urban NG, Diesel 360 6.5 1.0 0.85 0.36 5.5
Oakland Urban Diesel 280 4.9 0.63 0.57 0.18 2.7
Ormond Beach Rural NG 32 0.53 0.52 0.38 0.016 0.20
Pittsburg Urban NG 23 0.55 0.25 0.19 0.0057 0.10
Puente Hills Urban LFG}\%‘”" 10 0.017 15 12 0.015 0.021
Redding Power Rural NG 34 0.069 0.12 0.11 0.0042 0.0075
Redondo Beach Urban NG 30 1.8 0.45 0.39 0.014 0.69
Riverside Canal Urban NG 39 0.00092 2.0 1.5 0.079 0.0014
NG, Diesel,
South Bay Urban Kerosene, 32 4.8 1.5 13 0.047 6.1
Residual Oil
Valley Urban G Diescl, 0.079 1.7 1.9 15 0.00015 2.6

Residual Oil

Data sources: Emission factors and fuel: EPA, 2003b; EPA, 2004b, except Magnolia and Coachella emissions (CARB, 2004b).

* Fuel burned based on SCCs listed for electricity generation, in descending order of proportion of emissions due to combustion of that fuel.

® HCHO = formaldehyde.

“Results may not multiply due to rounding.
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Table 22. Summary of results for the cogeneration® and DG (> 1 MW) existing units.

Intake Fraction

. Urban / -
Cogeneration Rural Fuel® (per million)
Primary PM,s HCHO®
Petroleum Coke,
Hanford Rural NG. Diesel 0.42 0.32
Lincoln Rural Woodwaste 0.53 0.42
Live Oak Rural NG 0.47 0.36
X NG, Diesel,
Monterey Regional WPCA  Urban Digester Gas 0.27 0.23
Coal
Mt. Poso Rural L. 0.11 0.085
(Bituminous)
San Antonio Connnunlty Urban NG 6.6 50
Hosplt_al
L Emission Factor Intake Fraction Intake-to-Generation Ratio®
Existing DG Urban / b o
(> 1 MW) Rural Fuel (mg/kWhge)) (per million) (mg/MWhyg) (H9/MWhgg)
Primary PM,s HCHO® | Primary PM,s HCHO® | Primary PM, HCHO*
Marina Landfill Rural LFG 180 0.0076 1.3 1.1 0.21 0.0082
Olinda Landfill Urban LFG 12 1.0 33 25 0.037 24
Pebbly Beach Rural Diesel 2400 2.4 1.1 0.74 23 1.8
Penrose Landfill Urban LFG - 2.1 59 4.9 - 10
Salinas Landfill Rural LFG -¢ 350 1.0 0.76 - 240
Solar Turbines Urban NG, Diesel 210 20 4.8 4.1 0.89 73

Data sources: Emission factors and fuel: EPA, 2003b; EPA, 2004b.

* Emission factors and intake-to-generation ratios are not shown for cogeneration plants owing to uncertainty in emissions.

® Fuel burned based on SCCs listed for electricity generation, in descending order of proportion of emissions due to combustion of that fuel.

“ HCHO = formaldehyde.

4 Results may not multiply due to rounding.

¢ No emissions were reported for this plant in either the National Emission Inventory (EPA, 2004b) or CARB's Emission Inventory (CARB, 2004b).
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Table 23. Summary of results for microturbines co-located at the sites of the existing
central stations. (Use the multiplicative table (Table 25) to achieve results for other
hypothetical DG technologies as well as the hypothetical case of existing units controlled
to California BACT levels.)

_ N urban/ Emission Factor” Intake Fraction® Intake-to-Generation Ratio”®
Central Station Site Rural Technology (mg/KWhee) (per million) (mg/MWhqe) (ng/MWhye))
Primary PM,s HCHO® | Primary PM,s HCHO® | Primary PM, HCHO®

Alamitos Urban Microturbine 38 4.4 18 13 0.68 56
Coachella Rural Microturbine 38 4.4 3.1 2.1 0.12 9.1
Contra Costa Rural Microturbine 38 4.4 13 7.5 0.49 33
El Segundo Urban Microturbine 38 44 18 12 0.67 54
Encina Urban Microturbine 38 4.4 6.6 4.4 0.25 19
Etiwanda Urban Microturbine 38 4.4 11 6.9 0.41 30

Humboldt Bay Rural Microturbine 38 44 0.27 0.21 0.010 0.94
Hunters Point Urban Microturbine 38 4.4 9.2 6.5 0.35 29
Huntington Beach Urban Microturbine 38 4.4 12 8.6 0.47 38
Kearny Urban Microturbine 38 44 10 6.9 0.38 31
Magnolia Urban Microturbine 38 4.4 19 14 0.73 64
Mandalay Urban Microturbine 38 44 6 4 0.23 19
Morro Bay Rural Microturbine 38 4.4 2.3 1.5 0.086 6.7
Moss Landing Rural Microturbine 38 44 6.4 39 0.24 17
Mountainview Power Urban Microturbine 38 44 8.8 5.6 0.33 25
North Island Urban Microturbine 38 4.4 6.9 5.0 0.26 22
Oakland Urban Microturbine 38 44 12 9.4 0.47 41
Ormond Beach Rural Microturbine 38 44 11 6.4 0.40 28
Pittsburg Urban Microturbine 38 4.4 9.2 5.9 0.35 26
Puente Hills Urban Microturbine 38 44 27 17 1.0 73
Redding Power Rural Microturbine 38 4.4 1.2 0.88 0.046 3.9
Redondo Beach Urban Microturbine 38 44 18 13 0.70 58
Riverside Canal Urban Microturbine 38 4.4 9.9 6.3 0.37 27
South Bay Urban Microturbine 38 4.4 9.3 7.2 0.35 32
Valley Urban Microturbine 38 4.4 14 10 0.53 45

Data sources: HCHO emission factor: EPA, 2003a; primary PM, 5 emission factor: Samuelsen et al ., 2003.
? Fuel burned based on SCCs listed for electricity generation, in descending order of proportion of emissions due to combustion of that fuel.
® Use multiplicative factors (Table 25) to calculate the emission factor or intake-to-generation ratio appropriate to a different small-scale DG technology.
¢ HCHO = formaldehyde.
¢ The intake fraction is constant across technologies. Do not use multiplicative factor on this figure.

¢ Results may not multiply due to rounding.
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Table 24. Summary of results for microturbines co-located at the sites of the existing
cogeneration and DG (> 1 MW) plants. (Use the multiplicative table (Table 25) to
achieve results for other hypothetical DG technologies as well as the hypothetical case of
existing units controlled to California BACT levels.)

Emission Factor®

Intake Fraction®

Intake-to-Generation Ratio™®

Cogeneration Site UF:E?;I/ Technology (mg/kWhee) (per million) (mg/MWhge)) (ng/MWhge)
Primary PM,s HCHO® [ Primary PM,s HCHO® | Primary PM, HCHO®
Hanford Rural Microturbine 38 4.4 2.1 1.3 0.078 5.7
Lincoln Rural Microturbine 38 44 49 3.0 0.19 13
Live Oak Rural Microturbine 38 4.4 2.1 1.3 0.078 5.8
Monterey Regional WPCA  Urban Microturbine 38 44 49 3.8 0.19 17
Mt. Poso Rural Microturbine 38 44 22 1.4 0.084 6.3
San An“l’{“;gpiz;m““ity Urban  Microturbine 38 44 15 10 0.57 46
~Nurbans Emission Factor” Intake Fraction” | Intake-to-Generation Ratio”®
DG (> 1 MW) Site Rural Technology (Mg/kWhe) (per million) (Mg/MWhge)) (ug/MWhye)
Primary PM,s HCHO® [ Primary PM,s HCHO® ] Primary PM, HCHO®
Marina Landfill Rural Microturbine 38 4.4 5.5 3.6 0.21 16
Olinda Landfill Urban Microturbine 38 44 18 11 0.70 50
Pebbly Beach Rural Microturbine 38 44 6.8 3.8 0.26 17
Penrose Landfill Urban Microturbine 38 4.4 16 12 0.62 54
Salinas Landfill Rural Microturbine 38 44 8.0 4.6 0.30 20
Solar Turbines Urban Microturbine 38 4.4 12 9.2 0.44 40
_ Urban / Emission Factor” Intake Fraction” | Intake-to-Generation Ratio”®
City Hall Rural Technology (Mg/KWhge)) : (per million) : (mg/MWhge) (HQ/Mthcm)
Primary PM,5s HCHO" } Primary PM,5 HCHO" | Primary PM,5 HCHO
Anaheim City Hall Urban Microturbine 38 4.4 28 20 1.1 89
Fresno City Hall Urban Microturbine 38 44 7.8 6.5 0.29 29
Los Angeles City Hall Urban Microturbine 38 4.4 33 26 13 115
Long Beach City Hall Urban Microturbine 38 4.4 19 14 0.71 61
Oakland City Hall Urban Microturbine 38 44 16 13 0.59 56
Riverside City Hall Urban Microturbine 38 44 12 7.8 0.44 34
Sacramento City Hall Urban Microturbine 38 4.4 10 7.2 0.36 32
San Diego City Hall Urban Microturbine 38 44 12 10 0.46 43
San Jose City Hall Urban Microturbine 38 44 12 10 0.47 43
Santa Ana City Hall Urban Microturbine 38 44 29 23 1.1 100
San Francisco City Hall Urban Microturbine 38 44 19 16 0.71 69

Data sources: HCHO emission factor: EPA, 2003a; primary PM, s emission factor: Samuelsen et al ., 2003.

* Fuel burned based on SCCs listed for electricity generation, in descending order of proportion of emissions due to combustion of that fuel.

® Use multiplicative factors (Table 25) to calculate the emission factor or intake-to-generation ratio appropriate to a different small-scale DG technology.

¢ HCHO = formaldehyde.

¢ The intake fraction is constant across technologies. Do not use multiplicative factor on this figure.

¢ Results may not multiply due to rounding.
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Table 25. Multiplicative factors to calculate emission factors and intake-to-generation
ratios for the technologies listed below using the results in Tables 23 and 24.

o . Multiplicative Factor .
Primary PM, 5 HCHO
Diesel ICE 36 0.94
NG ICE 5.7 21
NG Turbine 1.1 0.89
Microturbine 1 1
Low Temperature Fuel Cell 0.75 N/A®
BACT 0.33 0.015

These multiplicative factors are derived as the ratio of the emission factors from the technology

in question to the emission factor for a microturbine, for each pollutant.

Data sources: HCHO emission factor: EPA, 2003a; primary PM, 5 emission factor: Samuelsen et al., 2003,

except BACT, which comes from CARB, 1999 (PM, 5) and EPA, 2000a (HCHO).

* HCHO = formaldehyde.

® Fuel cells have no reported emission factor for formaldehyde.
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IV. Conclusions

Political and market leaders predict rapid growth in the penetration and
deployment of DG in the United States and around the world (DOE, 2000; Allied
Business Intelligence, 2002). Regulatory actors and researchers have recently begun to
assess the significance of this expansion with regard to air quality and public health.
Already, we know that electricity generation is a significant contributor to state and
national emission inventories. In addition, recent studies have demonstrated that power
plants impose significant direct human health impacts and monetary damages based on
their emissions of criteria pollutants (e.g., Rabl and Spadaro, 2000; Levy et al., 1999).
Based on the findings of this study centered in California and on the assumption that the
most mature DG technologies — i.e., those that are combustion-based — will capture
much of the early market, there is reason to caution against unquestioning support of DG
and to continue investigations regarding the potential air quality and health impacts of
DG technologies.

There are fundamental differences between the DG and central-station paradigm
in the spatial association between where pollutants are emitted and where people are
exposed. The closer vertical proximity of DG technologies can increase the fraction of
pollutants inhaled by an order of magnitude compared to our current central station
approach. When considering that the likeliest siting of DG will be in areas of higher
population density than for many central stations, population intake may be increased by
another factor of two or more. These differences, expressed here through the intake
fraction, place DG at a severe disadvantage if measured in terms of human exposure to
atmospheric emissions.

With emission factors for already installed DG technologies higher — and
sometimes considerably higher — than for the best-controlled central stations, the mass of
pollutants inhaled by the exposed population per unit of electricity delivered (i.e., intake-
to-generation ratio) can be up to three orders-of-magnitude greater for DG compared to
existing central stations. Despite uncertainty in where small-scale DG units are and will
be sited, the findings of this research highlight the increased exposure potential these
units present.

To ensure that the public health consequences of electricity generation do not
become worse will require emission characteristics from new DG technologies that are
much better than from central station facilities to make up for DG’s inherent intake
fraction handicap. For primary PM; 5 emissions, DG emission factors will have to be an
order-of-magnitude less than existing central stations in order to equal their exposure
burden per unit of electricity delivered; a reduction of another factor of two is necessary
when comparing DG to new, central stations controlled to California BACT levels. For
the case of primary formaldehyde, emission factors for new small-scale DG must be an
order of magnitude lower than existing or new central stations in order to equalize
exposure burden. The emission factors required to equalize exposure burden are one to
three orders of magnitude less than those achieved by the cleanest burning DG
technologies of today — fuel cells and microturbines.

The CARB emission standard requires emission factors from new DG to meet the
level of BACT for some pollutants by 2007. However, equal mass emission rates do not
imply equal air pollutant exposure impact. As evidenced by the above-mentioned
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findings, the exposure burden from distributed generation technologies will remain
significantly greater than for central stations unless additional emission factor reductions
are made. Furthermore, the CARB emission standard only mandates specific output-
based limits on the emissions of two pollutants, plus total volatile organic compounds.
Whether emissions of pollutants not expressly regulated will also be reduced is uncertain.
What is clear is that current DG emission factors for other pollutants of concern, such as
formaldehyde, can impose significantly increased inhalation exposures due to their close
proximity to downwind populations.

Using waste heat in combined heat and power applications of small-scale DG can
help mitigate the exposure increase by offsetting other emissions, but even the 30-40%
efficiency gains will not account for the order-of-magnitude or greater difference in
potential exposures, at least not on an individual unit basis. This study did not consider
the system-wide effects of full-scale deployment of DG in CHP mode, which remains an
open issue for future research.

The scale of the difference in exposure potential between the two paradigms of
electricity generation and the elucidation of their underlying causes suggest that our
broad findings may be true beyond the limits of the specific cases considered. Continued
work could improve the robustness of our conclusions through more elaborate treatment
of several aspects of the assessment. However, confidence in our approach is gained by
the agreement between the results of this study and similar ones, leading us not to expect
substantial changes in our main conclusions.

To date, regulatory policy for DG in California has focused on limiting mass
emission rates to a level consistent with good central-station performance. However, even
this level of performance could lead to increased population exposures to many
pollutants. To be protective of public health, regulators should consider the potential for
increased exposures if air pollutant-emitting DG technologies are sited in densely
populated areas. This consideration would be especially relevant during CARB’s 2005
mid-course review of the emission standard. To that end, we have provided estimates of
the emission factors necessary for new small-scale DG technologies to equal the exposure
potential of existing and BACT-controlled central station facilities in California.
Additionally, our results could provide further impetus for regulators to promote non-
emitting DG technologies, such solar photovoltaics. A strong move in this direction
would capture the many benefits of DG while leading to improvements in ambient air
pollution and reductions in greenhouse gas emissions — a clean, distributed energy
future.

V. Recommendations

The research reported here demonstrates progress in understanding the
environmental health implications of a shift in electricity generation from a system
relying on large, central station power plants to one relying on distributed generation
technologies. However, much work remains to better characterize and quantify the
potential impacts. Refinements of certain aspects of our current model would yield
improvements in its accuracy. Additional efforts could expand the scope of the current
model in key dimensions. Furthermore, there are issues that would require a new
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modeling approach to achieve significant progress. Recommendations for future research
are prioritized within these three categories.

This research used a case study approach to estimate annual-average intake
fractions and intake-to-generation ratios for particular central stations in California and
multiple DG technologies. The results indicate the expected scale of intake fractions (iF)
and intake-to-generation ratios (IGR) from these different modes of electricity
generation. However, as with any modeling exercise, various assumptions,
simplifications and other decisions could have an influence on the outcomes achieved.
Thus, a sensitivity analysis exploring the range of the parameter space (e.g., varying
effective stack height systematically at one site) as well as various modeling decisions
(e.g., urban/rural and elevated/ground-based selection and numerical as opposed to
analytical integration in the crosswind direction) is prudent. After completion of the
sensitivity analyses, one would be in a better position to assess the uncertainty —
quantitatively and qualitatively — of our results.

While many experts believe that new distributed generation is most economical
when usefully capturing the waste heat, we found it difficult to accurately allocate
emissions from existing cogeneration plants to electricity generation. Thus, we were
unable to estimate intake-to-generation ratios for this category of existing unit. Success in
locating other sources of emission data or alternative methods of emissions allocation
would allow us to test whether this mode of electricity generation offers exposure
benefits compared to electricity-only units.

Two ideas for incremental improvement to the current modeling framework
include a more refined approach to treatment of the plume’s passage through the mixed
layer and locating a source of Mexican population data at finer spatial resolution so that
our population intake assessment is equally robust on both sides of the border.

Finally, two additional analyses would significantly add to the richness of our
results. An investigation of the spatial distribution of inhalation intake by distance
downwind and compass direction would allow us to determine where the greatest
exposure burden is experienced. However, disproportionate burden is not only a spatial
function but can also be examined demographically. Both of these lines of inquiry can be
explored within the framework of our existing model.

Other important issues would require a significant expansion of the current model
to address. We believe that with a reasonable-scale effort the current model could be
adapted to address secondary formation of nitrogen-containing species (gaseous and
particulate). This should be the highest priority near-term goal as NO; and secondary
particulate matter have been identified in a previous hazard rankings as the electricity
generation-related pollutants with the greatest potential health risk (Heath et al., 2003)
and for their importance to air quality compliance. However, assessing the contribution of
electricity generation to the formation of other secondary pollutants such as ozone is a
more complex matter that would require an alternative modeling approach. For example,
one might need to apply a Gaussian-style subgrid plume model within the framework of a
trajectory or urban airshed model to accurately capture the combined complexities of
atmospheric photochemistry and transport from localized sources.

Two issues with regard to dispersion modeling deserve high-priority attention.
First, periods of low or no wind (i.e., calms) could represent significant health hazards to
nearby populations. These conditions occur with sufficient frequency that, while
analytically impossible within the Gaussian plume framework, an exposure assessment
should account for their potential impact through other means. Also, since short stacks
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and decaying pollutants both emphasize population intake in the region near the source, a
better understanding of the concentration profile within a few kilometers, and especially
within 500 meters, is important for accurately estimating population intake.

A more nuanced approach to time-varying rates of emission, downwind
concentrations, breathing rates and population location (i.e., mobility), would provide a
more realistic assessment of population exposure to air pollutants emitted from electricity
generation. For instance, for load-following or peaking units in California, higher-than-
average emissions occur during times of greatest dispersion: summer afternoons. To
better understand any potential bias in our assumption of constant emissions one would
need a timeseries of emissions and generation to match the hourly meteorological data we
already utilize. Finally, a different approach to classifying a source as urban or rural on a
ratio rather than an categorical scale would allow better characterization of the
relationship between population density and population inhalation intake. Such a scheme
could utilize GIS to determine the population within a certain radius weighted by the
prevalence of wind directions and a function reflective of the decay of a pollutant’s
concentration by distance downwind.

Four other research efforts that would expand the scope of the current modeling
effort should be considered. First, expanding the modeling domain to include a regional
estimate of population intake (i.e., beyond 100 km) is fundamental to assessing the full
burden imposed by electricity generation units, especially central station plants. To
address this need, one would need to adopt a trajectory model and additional
meteorological data to track the plume as it meanders through complex terrain with
changing meteorological conditions. Other research groups have developed modeling
tools for this purpose, which could be utilized. Plume tracking might prove valuable even
within 100 km.

Second, the system-wide effects of full-scale DG deployment within an urban
airshed are not addressed in the current model and could be non-intuitive. One approach
to addressing this issue would involve an aggregation of the impacts of individual
electricity generation units along with careful treatment of the emissions offsets that
would occur with DG deployed in a CHP mode. Another approach would be to move to
an urban airshed model where total emissions from all DG and offset sources could be
spatially- and temporally evaluated, along with the effects of background concentrations
and other parameters.

Third, our current research employs a dispersion model to conduct an exposure
assessment. Leveraging the population intake results, one could extend this analysis to
risk assessment end points. An assessment of cancer risk would be relatively
straightforward; however, the evaluation of pollutants whose dose-response curves
exhibit thresholds, nonlinear behavior or are strong functions of dose rate would be
considerably more complex. Finally, non-electricity generation-related sources could be
incorporated to estimate cumulative personal exposure to certain pollutants.

Our research has revealed the potential for a large relative exposure impact from
shifting centralized electricity generation to distributed generation. The significance of
electricity generation as a source of air pollutants and societal health impacts argues that
additional research is warranted to refine and expand the efforts we have begun. While
the distributed generation industry is still nascent, continued research along the directions
outlined above is crucial and timely.
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VIIl. Glossary of Terms, Abbreviations, Units of Measure

and Symbols

Terms and Abbreviations
AP-42

AQMD

atmospheric stability
BACT

baseload

calms

capacity factor

CARB
CDF
CEC
CEM

central station

CcO

combined-cycle
CHP
cogeneration (aka cogen)

conc.

conserved (pollutant/species)

control technology
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compilation of air pollutant emission factors maintained
by the US Environmental Protection Agency

air quality management district

condition of the atmosphere governing rate of vertical
mixing

best available control technology (referring to the

California regulatory standard)

power plant that is operated nearly continuously,
emitting pollutants at a constant rate

atmospheric condition in which wind speed is below
detection limit of monitoring instrument

ratio of the actual energy produced in a given period to
the theoretical maximum

California Air Resources Board
cumulative distribution function
California Energy Commission

continuous emission monitor

large power plant used to provide electricity to the
transmission and distribution network; as defined in this
report, central station existing units are greater than 50
MW capacity and non-cogeneration

carbon monoxide

power plant that uses a turbine plus a steam generator to
improve thermal conversion efficiency

combined heat and power; electricity generation system
that uses waste heat for beneficial purpose

synonymous with CHP; also referred to in this report as
a type of existing unit

abbreviation for concentration

not removed from the air in an urban basin, except by
air flow

method of reducing pollutant emissions from a source



criteria pollutant

CS

cumulative intake

de minimus

decaying (pollutant/species)

demand-side resources

DER

DG

dispersion

dispersion parameters

distribution network

district
DOE
EF

effective stack height

efficiency

eGRID

EGU

air pollutant whose ambient concentrations must be
maintained below the National Ambient Air Quality
Standards established by the US Environmental
Protection Agency

central station; refers to one of the three types of
existing units we define for the purposes of modeling

sum of air pollutant mass breathed by all members of an
exposed population

below a minimum threshold for regulatory concern
removed from the air by a transformation process

any strategy, method or technology to reduce demand
for electricity; e.g., energy conservation or increased
energy efficiency

distributed energy resources; supply- and demand-side
distributed electricity resources

distributed (electricity) generation; generation near the
place of use; see also “existing DG (> 1 MW)” and
“hypothetical DG (< 1 MW)”

spreading of contaminants from regions of high
concentration to regions of low concentration

mathematical formulations of observed plume spread in
three dimensions (X, y, z); often referred to as “sigma
curves” for their mathematical representation as Gy,

system for transmitting lower-voltage electricity from
sub-stations (which are connected to the transmission
network) to sites of use

air quality management district
(United States) Department of Energy

emission factor; mass of pollutant emission per unit of
activity, e.g., per heat input or electricity output

height above ground at which pollutants are effectively
emitted, accounting for both the physical stack height
and plume rise

proportion of thermal energy in fuel converted to
electricity in a power plant

EPA’s Electricity & Generation Resource Integrated
Database (www.epa.gov/cleanenergy/egrid)

electricity generation unit; an existing unit regardless of
type
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EIA

emission rate

EPA

existing DG (> 1 MW)

existing unit

fuel cell

Gaussian plume model

GIS
GT
HAPs

hazard ranking / index

HCHO

hypothetical DG (< 1 MW)

HypDG
ICE
iF

1FCalc

IGR
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DOE’s Energy Information Administration
mass of pollutant emitted per unit time
(United States) Environmental Protection Agency

existing electricity generation units of less than 10 MW
capacity but greater than 1 MW

a real electricity generation unit; in this report, of three
types: central station, cogeneration, and existing DG (>
1 MW)

a device that converts chemical energy directly to
electricity via a modified oxidation process with lower
emissions compared to combustion-based processes

mathematical representation of the pollutant
concentration profile downwind of a localized source

geographic information system
(natural) gas turbine

hazardous air pollutants; a list of 188 pollutants
designated in the 1990 Clean Air Act Amendments and
maintained by the US Environmental Protection
Agency

measure of the relative degree of hazard posed by
exposure to a particular pollutant

formaldehyde

new, small-scale DG technologies of less than 1 MW
capacity that are hypothetically modeled at various
locations; includes (for this report) natural gas-fired
internal combustion engines, turbines and
microturbines, diesel-fired internal combustion engines
and fuel cells

abbreviation for hypothetical DG (< 1 MW) cases
internal combustion engine

intake fraction, proportion of pollutants emitted from a
source inhaled by exposed population

our Excel Macro-based model that directly calculates
intake fractions for point sources by way of a Gaussian
plume model given population, meteorological and
stack configuration inputs

intake-to-generation ratio, equal to the product of the
intake fraction times an appropriate emission factor



inhalation exposure

intake

interquartile range

inversion layer

LDC
LFG

line loss

location category

loss mechanism

MEI
met.
meteorological conditions

or parameters

microturbine

mixing height (MH)

modeling designation

modeling domain

NAAQS
NEI

NG

average pollutant concentration inhaled times the
duration of the encounter with that concentration

quantity of an air pollutant inhaled

the range between the 25™ and 75™ percentiles of a
distribution

region of the atmosphere where the temperature rises
with height

least developed country
landfill gas

loss of electric power during transmission from the site
of generation to the site of use

a dichotomous modeling designation for a specific
geographic position as urban or rural, based on US
Census designation of Urbanized Areas

means of pollutant removal other than air flow, e.g. by
chemical reaction

maximally exposed individual
meteorological

mixing height, wind speed and direction, and
atmospheric stability prevailing over some time at a
particular location

a small-scale electricity generation technology that is
based on aircraft engine turbo-chargers and uses natural
gas as a fuel

distance between the ground and the base of an
inversion layer where pollutants mix rapidly

for the purposes of our modeling, there are three
necessary designation for the site of electricity
generation: location category (urban/rural), release
height (elevated/ground-based) and closest
meteorological station

the geographic area considered in an air quality model
exercise

National Ambient Air Quality Standards

EPA’s National Emission Inventory, of which there are
two, one for criteria pollutants and one for hazardous
air pollutants (HAPs)

natural gas
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NO;
NO3

no-threshold, dose-response

NOX
NREL
OEHHA

OH-
order of magnitude
PCRAMMET

PEM (fuel cell)

photolysis

plume

plume rise

PM; s

point sources

pop.

population density

population intake

prevailing wind direction

primary pollutant

REL
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nitrogen dioxide
nitrate radical

health hazard model of a pollutant that includes a finite
risk for all exposures, no matter how small

nitrogen oxides (generally NO + NO»)
(United States) National Renewable Energy Laboratory

(California) Office of Environmental Health Hazard
Assessment

hydroxyl radical
a factor of 10

EPA’s meteorological pre-processor whose main
function is to interpolate hourly mixing heights given
twice-daily mixing height and surface meteorological
inputs

proton exchange membrane fuel cell, a low-temperature
fuel cell

chemical reaction initiated by the absorption of a
photon of light

downwind zone from a localized pollution source over
which pollutant levels are elevated because of the
source

extent to which a plume emitted with momentum or
buoyancy moves upward relative to its emission height

particulate matter smaller than 2.5 micrometers in
aerodynamic diameter

air pollution sources that have small spatial extent
(relative, e.g., to the size of a city)

abbreviation for population

number of people residing in a zone per unit land area,
e.g., people per square kilometer

cumulative pollutant intake by all members of an
exposed population

synonymous with modal wind direction, or, the wind
direction that occurs most commonly

air contaminant directly emitted from source

reference exposure level; concentration that poses no
significant health risk from indefinite exposure



secondary pollutant

SoCAB
stability class

stack height

steam turbine

temp.
threshold

T™Y?2

trajectory model

transmission network

transverse direction

VOC
well-mixed

zenith angle

Units of Measure
Hg

um

d

g
GW

air contaminant formed by chemical reactions in the
atmosphere

South Coast Air Basin

one of six categories of atmospheric stability, as
defined by Pasquill (1961)

physical height of exhaust chimney from air pollution
source

technology for generating electricity that involves the
expansion of compressed steam through a turbine

abbreviation for temperature

maximum level of pollutant exposure or intake that
would cause no adverse health effects

Typical Meteorological Year 2 data set published by
NREL (1995)

method of accounting for the impact of an air pollution
source on the downwind area by tracking the movement
of air parcels

part of the electrical grid that transports electricity from
generators along high voltage power lines to sub-
stations and the distribution network

direction in the horizontal plane normal to the
prevailing wind flow

volatile organic compound
possessing uniform concentrations of pollutants

angle between the vertical and the direction of the sun

microgram; 10 grams
micrometer, 10°® meters
day

gram

gigawatt; 10° watts
hour

horsepower

kilogram; 10° grams

kilometer; 10° meters
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kW kilowatt; 10° watts

kWh kilowatt-hour

1b pound

m meter

mg milligram; 10~ grams
MMBtu 10° British thermal units
MW megawatt; 10° watts

S second

y year

Symbols Used in Equations

T pi

Ox dispersion parameter in the downwind direction (m)

Oy dispersion parameter in the transverse direction (m)

o dispersion parameter in the vertical direction (m)

C concentration (g m™)

C. concentration of a conserved species (g m™)

Cq concentration of a decaying species (g m™)

E steady-state emission rate of a pollutant from a source
(gs'orgh?)

EF emission factor (e.g., mg per kWh)

Hg effective stack height of an emission source (m)

I electric current (A)

iF intake fraction (-)

iF, intake fraction of a conserved pollutant (-)

iFq intake fraction of a decaying pollutant (-)

IGR intake-to-generation ratio (e.g., M@inhaled PeT KWhger)

k decay constant (s)

kWhge kilowatt-hour of electricity delivered to the place of use

M mixing height (m)

n index for the number of reflections in the Gaussian

plume model (-)

p power-law exponent (-)
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=1

>

<

Zy

population density (people m™)

electric power (W)

rate of production of heat energy (W)
breathing rate (m® h™")

electrical resistance (Q2)

wind speed (m s™)

wind speed at effective stack height (m s™)

mean wind speed (m s™) at release height, h
mean wind speed (m s™') at the reference height, r

electrical potential (V)

width (m)

downwind distance (m)

distance in the transverse direction (m)
distance in the vertical direction (m)
height of release (m)

reference height (m) (typically 10 m)

139



Appendix A: Procedures for Developing Typical Mixing
Height Years

Abstract

Borrowing from the concept of typical meteorological years (as put forward by the
National Renewable Energy Laboratory (NREL, 1995)), a typical mixing height year
(TMHY) data file contains hourly values of surface and upper air meteorological
parameters for a particular surface observation station over a one-year period. Each hour
of data contains four surface-level observations -- wind direction, wind speed, ambient
temperature and stability class --as well as rural and urban mixing heights. Each month in
the TMHY is selected from an individual year (a month/year pair), chosen to represent
conditions judged typical of the long-term record for a particular surface station. For
example, from the 30-year meteorological record of a particular station, all 30 Decembers
are evaluated and the one judged most typical is selected. Twelve individual months so
selected are concatenated to form a typical, annual meteorological cycle for use in air
dispersion modeling. Use of a typical meteorological year is appropriate when an air
dispersion modeler desires typical, or average, outcomes as opposed to ones dependent
on conditions of any particular year, worst-case scenario, etc. Whereas the mixing height
is necessary in air dispersion modeling, to our knowledge, no typical, annual record of
this parameter has been available before this effort.

A.1 Introduction

TMHY s were constructed for ten sites in California and one site in Oregon using the data
and programs described in section A.1.1 below. Due to data availability issues that varied
between stations, an empirical method was used that was flexible to the amount and
quality of data available for a particular location. The general method used for all stations
is described in section A.2; results of the selection of month/year pairings for each
surface station in California are reported in section A.3. A description of the output of our
method is included in section A.4. Additional information regarding input data, station
identification and other supplementary files is listed in section A.6 and is available from
the authors upon request.

A.1.1 Input Data

The TMHY meteorological files were derived using two EPA-supported meteorological
pre-processing programs, both of which are routinely used in air dispersion modeling
(EPA, 1998; EPA, 1999). Three sets of data formed the input to these programs:
1. Revised Typical Meteorological Years (TMY2) developed from the National
Solar Radiation Data Base (1961 - 1990) (NREL, 1995).
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2. Measured or modeled solar radiation and meteorological data for the period 1961-
1990 from the Solar and Meteorological Surface Observation Network
(SAMSON) (NCDC, 1993).

3. Radiosonde (upper air) data for the period 1946-1996 from the National Climatic
Data Center of the National Oceanic and Atmospheric Administration
(FSL/NCDC, 1997).

A.l.l.1l Revised Typical Meteorological Years (TMY2s)

A typical meteorological year (TMY) is a set of solar radiation and meteorological
elements, consisting of months selected from individual years that have been judged
typical of the long-term record, concatenated to form a complete annual cycle. A TMY
provides a standard for hourly solar radiation and meteorological data for use in energy
modeling (its original purpose) as well as air quality modeling. The TMY data used in
this project were derived from the 1961-1990 National Solar Radiation Data Base: the
Revised Typical Meteorological Years (TMY2) (NREL, 1995). TMY2s are constructed
from observations recorded at a subset of surface stations in the SAMSON network and
contain many of the same meteorological elements. However, the TMY2s were used in
this study only in the selection of which year is most typical of the long-term record of a
particular month, for which the corresponding surface and radiosonde data are taken from
the datasets described below. The TMY2s used for the development of TMHY's can be
found in File A (available from the authors upon request) (NREL, 1995).

Al1l2 SAMSON Data

SAMSON data are a compilation of National Renewable Energy Laboratory solar data
and National Weather Service surface observations, containing hourly values of
measured or modeled solar radiation and meteorological elements for numerous surface
stations for 1961-1990 (NCDC, 1993).

SAMSON data were used in this study (1) to provide hourly values for wind speed, wind
direction, and ambient temperature; (2) as input to the each of EPA’s meteorological
preprocessors (EPA, 1999).

A11.3 Radiosonde Data

Developed jointly by the National Climatic Data Center (NCDC) and the Forecast
Systems Laboratory (FSL), radiosonde data contain vertical profiles of upper air
meteorological conditions (winds, temperature and pressure) at numerous sites starting in
1946 and continuously updated (FSL/NCDC). Of note, radiosonde measurement stations
are not co-located with the surface observation network. In addition, for some locations,
data are temporally sparse, presenting challenges to the construction of robust TMHYs.
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Radiosonde data for the period 1946 — 1996 were used in this study to provide the
vertical profiles of temperature and pressure used in the calculation of mixing height.

A.l.2 Meteorological Preprocessors

This section provides details on the two meteorological preprocessors used in the
development of TMHY s: the twice-daily Mixing Heights Program (mixhts.exe), and the
hourly interpolation program, PCRAMMET.

A.l21 Mixing Heights Program

EPA’s Mixing Height Program (mixhts.exe) computes twice-daily mixing heights
(morning and afternoon) from upper air soundings and hourly surface temperatures.
Mixing heights are calculated from surface potential temperatures (determined from
surface observations and upper air pressure measurements), and observed temperature
from upper air temperature measurements (EPA, 1998). It is the output of this program
that is used to determine which month/year pair is most typical of the long-term record.

Al22 PCRAMMET

PCRAMMET (1) calculates hourly values for atmospheric stability from meteorological
surface observations and (2) interpolates hourly mixing heights for both urban and rural
conditions from the twice-daily mixing height output of mixhts.exe. Pasquill stability
classes are calculated from time of day, surface wind speed, and observations of cloud
cover and ceiling height. Hourly mixing heights are calculated from twice-daily mixing
heights, the local times of sunset and sunrise, and hourly estimates of stability (EPA,
1999).

A.2 Methodology

The development of mixing heights requires surface and upper air data that come from
separate observation networks. To produce a realistic mixing height profile requires that
both sets of data correspond spatially and temporally. That is, to produce a mixing height
record that is representative of the conditions of a particular region, surface and
radiosonde data should both come from that region. In addition, these data should
correspond in time. Owing to the limited availability and quality of radiosonde data in
certain regions in California, considerable attention was paid to determining which
month/year pairs met our inclusion criteria and were candidates in the assessment of
which was most typical, from which we could construct a TMHY.

Where possible, months and years were paired corresponding to NREL’s TMY?2
selection. This was our preferred method because mixing heights are a function of surface
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data, which were already deemed typical in their assessment. NREL’s determination was
based on a weighting scheme intended for building energy use calculations, but the
parameter weightings are not inconsistent with a weighting scheme oriented towards air
quality modeling. However, for roughly half of the California surface stations, this
method could not be used due to one or more of the following reasons: 1) lack of
available radiosonde data from the same time period that met our data quality
requirements; 2) input file errors; or 3) meteorological incompatibilities between surface
and radiosonde data. For these cases, we used an empirical method of selecting which
month/year pair of input data produced the most typical twice-daily mixing height
profile.

The empirical method, described in section A.2.3, is analogous to the Sandia Method
used to develop the TMY?2 data (NREL, 1995). The method involves developing a
cumulative distribution function (CDF) of twice-daily mixing heights for all candidate
months and statistically determining which month is most typical of the long-term record.
The steps involved in determining which pairs of surface and radiosonde data were
candidates in this procedure are described in section A.2.2. The monthly surface data and
twice-daily mixing heights for the pairing judged most typical were then input to
PCRAMMET to estimate hourly stability class and interpolate hourly rural and urban
mixing heights. Finally, the hourly results for each most typical month/year pairing were
concatenated to form the typical mixing height year for each surface station in California.

A.2.1 Input Data

This section describes how the surface and radiosonde input to the meteorological
preprocessors were selected, paired, and modified before use.

A.21.1 Surface and Radiosonde Data Inclusion Criteria

The observation record at many radiosonde stations was either completely missing or
seriously incomplete for many years. Radiosonde observations are intrinsically sparse
(occurring only twice daily) and atmospheric conditions can change significantly on the
order of days. Therefore, we used a relatively conservative inclusion criterion for
radiosonde monthly data in keeping with the spirit of EPA guidance on filling of missing
meteorological elements (Atkinson and Lee, 1992): any missing afternoon sounding must
be preceded by and followed by a valid afternoon sounding. In other words, no more than
one sequential afternoon sounding was allowed to be missing. (The inclusion criteria only
included a standard for the afternoon mixing height since the morning mixing height is
not used in PCRAMMET’s hourly interpolation scheme.) All months of radiosonde data
that met our inclusion criteria were then candidates for temporal and spatial matching
with the surface record. File C details the station-by-station results of the application of
our inclusion criteria; this file is available from the authors upon request.
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All month/year pairs selected for the TMHY's use surface data with gaps of no more than
two hours. There were two stations with exceptions to this rule: Arcata and Santa Maria.
Arcata had one month with gaps of up to 12 hours. Santa Maria had much worse quality
of surface data available; one month of the TMHY contains gaps of no more than two
hours, while the other eleven months contain gaps of between 8 and 11 hours in the
surface record. Despite much longer gaps lengths in nearly all months compared to the
other stations, we continued construction of a TMHY for this station using the best
available input data.

A.2.1.2 Month/Year Pairings

A month/year pairing is defined as a linking of surface and upper air meteorological data,
and consists of two input data files containing records for a particular month of a
particular year: the surface data from one of the SAMSON observation sites, and the
upper air data from a nearby radiosonde station. Owing to the more limited radiosonde
data availability, we used surface stations as the hubs, selecting as complete upper air
data from a defined set of surrounding radiosonde stations as possible. (We call this set of
radiosonde stations a preference group (see section A.2.2.1).)

Any month of radiosonde data meeting the inclusion criteria above is matched to a month
of SAMSON surface data as follows:
o If'the year of the radiosonde data was in the SAMSON recording period of 1961-
1990, surface data from that year was used.
e If the year of the radiosonde data was not in the SAMSON recording period of
1961-1990, surface data from the TMY2-selected year was used.

Within the limits of radiosonde data availability for each surface station, twelve sets of
month/year pairings of input data, one for each month of the year, were selected as
candidates for determination of which is most typical of the long-term surface reporting
period (1961-1990).

A.2.1.3 Modifications Made to SAMSON Data

Our inclusion criterion for SAMSON data allowed for gaps of missing values for
meteorological data fields used in the calculation of twice-daily mixing heights, stability
class, and hourly urban and rural mixing heights. To obtain a continuous record before
inputing to the meteorological preprocessors, any missing values were filled by linear
interpolation. Variables for which values were filled were: total sky cover, opaque sky
cover, dry bulb temperature, dew point temperature, relative humidity, wind direction,
wind speed, and ceiling height. File E (available from the authors upon request) identifies
where gaps in data were filled for each station we assessed.
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A.2.1.4 Modifications Made to Radiosonde Data

In addition to the significant radiosonde data availability issues addressed through a
stringent inclusion criterion, several radiosonde stations provided aberrant data. This
situation led the twice-daily mixing heights program to return errors when these
soundings were used. Such soundings (1) contained erroneous data, such as listing
mixing heights below ground level or reporting ground-level pressure lower than
atmospheric measurements; (2) contained lines of missing values prior to the initial
surface measurement line, causing mixhts.exe to reject the sounding; (3) contained no
lines of data; or (4) incorrectly reported the number of data lines contained in the
sounding, causing mixhts.exe to reject the sounding.

For soundings with aberrant measurements or extraneous lines before the surface
measurement, the problem lines were simply removed and the reported number of lines
changed accordingly. Soundings for which no lines of data were present were removed.
For soundings where the number of lines was incorrectly reported, the actual number of
lines in the sounding was substituted.

After these modifications, mixhts.exe was able to produce twice-daily mixing heights
from these soundings without error. File E (available from the authors upon request)
provides more information on where these modifications were made to radiosonde
sounding data.

A.2.2 Candidate Months

In the selection of a typical twice-daily mixing height record for a particular station, a
candidate month consists of a month of radiosonde data, a month of surface data, and a
month of twice-daily mixing heights generated by mixhts.exe (using the previous two
data sets as input). Each candidate month meets criteria in each of the following areas:

e Upper air data comes from a prioritized list of radiosonde stations
meteorologically related to the surface station of interest (as described in section
A.2.1.1).

e Afternoon radiosonde soundings take place during a defined interval of hours (as
described in section A.2.1.2).

e Twice-daily mixing heights have a maximum gap length for any missing records
(as described in section A.2.1.3).

A set of candidate months consists of candidate months for the same surface station and
month over different years. Such a set may include data from multiple radiosonde
stations.
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A221 Radiosonde Station Preference Groups

Each radiosonde station in California (and nearby stations in bordering states) was
assigned to one or more preference groups, defined as a set of radiosonde stations sharing
a comparable level of meteorological similarity to a particular surface observation station.
Characteristics assessed included belonging to the same air basin (see
http://www.arb.ca.gov/ei/maps/statemap/abmap.htm for a map of California’s air basins),
proximity, and having similar elevation and proximity to the coast. Preference groups
were prioritized in order of meteorological similarity; if a preference group contained
multiple stations, stations were internally ranked. For example, the surface station
Bakersfield has two preference groups. The highest preference group contains the
Merced/Castle radiosonde station (Weather Bureau Army Navy (WBAN) identification
number 23203); the lowest preference group contains the Inyokern, Muroc/Edwards and
El Monte radiosonde stations (WBAN 93104, 23114, and 110090, respectively), listed in
rank order. File B (available from the authors upon request) lists preference groups for
each surface station.

Preference groups always have some degree of meteorological compatibility with their
matching surface station, i.e., there are no meteorologically incompatible members.
However, it should be noted that the system of assigning and prioritizing preference
groups could not be completely objective and relied on researcher judgment. In one case
— Arcata — there were no radiosonde stations within a region encompassing similar
meteorological conditions. Instead of discarding this site, we produced two TMHY
records using the two closest radiosonde stations (Oakland and Medford, OR).
Application of both TMHY records to air dispersion modeling provides an opportunity to
test the sensitivity of model output to meteorological inputs.

A.2.2.2 Validity of Radiosonde Soundings

Each month of radiosonde data was assigned a lower bound and a higher bound. The
lower bound is defined as the difference in hours between 1200 and the earliest hour at
which a sounding in the month was taken, while an upper bound is the difference in hours
between 1200 and the latest hour at which a sounding in the month was taken. For
example, a month with a lower bound of -2 and a higher bound of 4 contains soundings
between 1000 and 1600. File C (available from the authors upon request) reports lower
and upper bounds for all radiosonde months from stations using the empirical method in
the selection of most typical month/year pair.

The twice-daily mixing heights program accepts soundings taken between 1000 and 1500
as input. Therefore, a month is defined as containing valid radiosonde soundings if the
lower bound is greater than or equal to -2 and the upper bound is less than or equal to 3;
otherwise, the month is defined as containing invalid radiosonde soundings.
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A.2.2.3 Maximum Missing Span

Each twice-daily mixing height file was assigned a maximum missing span, defined as
the longest sequence of missing values in either the AM or PM mixing heights. The
maximum missing span does not report how many spans were missing; only the length of
the longest span of missing values is indicated. Missing values resulted either from
missing afternoon soundings in the original radiosonde data or from errors during
execution of the twice-daily mixing heights program.

According to EPA guidelines for regulatory air quality modeling (Atkinson and Lee,
1992), gaps of one AM or PM mixing height could be acceptably filled by linear
interpolation. Therefore, spans of 0 and 1 were considered equivalent.

A.2.3 Selection of Most Typical Candidate Month

After application of the inclusion criteria and using the above definitions, a subset of the
month/year pairings of a given month that are candidates in the selection of which is most
typical is determined for each surface station after sequentially following these steps:

1. Ifavailable, select a candidate month where the radiosonde data was taken from
the TMY2-matched year. If there is more than one such candidate month (i.e.,
from more than one radiosonde station), select the highest ranked radiosonde
station within the highest priority preference group available. If no candidates
with radiosonde data taken from the TMY2-matched year are available, continue
with steps 2-5.

2. Select all month/year pairings where the radiosonde stations are in the highest
available preference group.

3. Select month/year pairings with the lowest maximum missing span, where gaps of
0 or 1 are considered equivalent.

4. Select month/year pairings with only valid radiosonde soundings; if none are
available, use months where radiosonde data contains invalid soundings.

5. Select month/year pairings where the year of the pairing is in the SAMSON
recording period; if none are available, use months where the year of the pairing

is not in the SAMSON recording period.

6. For all selected month/year pairings, fill any missing twice-daily mixing heights,
as described in section A.4.1.

If by the above process only selects one candidate month, that candidate month is
determined to be most typical and is used as input to PCRAMMET to develop the hourly
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TMHY. If more than one station is selected by the above process, a long-term cumulative
distribution function (CDF) for a particular surface station and particular month is created
from the filled, twice-daily mixing heights of all candidate months. The number of
candidate months varied widely for the stations we assessed; for example, the month of
January for Santa Maria had 32 candidate months, while the month of July for
Bakersfield had only two candidate months. For each month, a single CDF was created
using the filled twice-daily mixing heights for that month. Candidate monthly CDFs were
compared to the long-term CDF using the Finkelstein-Schafer (FS) statistic (Finkelstein
and Schafer, 1971) for both the AM and PM mixing height:

1 n
FS= 24
N
where:
fo = absolute value of the difference between the long-term CDF and
the candidate month CDF at x;
n = the number of daily readings in a month

A composite FS statistic was determined by averaging the FS statistics for AM and PM
mixing heights; the candidate month/year pairing with the lowest composite FS statistic
was selected as the most typical and used as input to PCRAMMET to develop the hourly
TMHY.

A.2.4 Twice-Daily Mixing Height Program Errors

During execution of the twice-daily mixing heights program, missing values on a
particular day were occasionally generated for one of the following reasons:

e No afternoon sounding data was available for that day. In this case, both morning
and afternoon mixing heights were marked missing.

e The program could not define an upper height in the sounding for use in
interpolating the surface potential temperature. From inspection, this error
resulted from incomplete sounding data or cases where the sounding format was
not suitable for the program. In this case, both morning and afternoon mixing
heights were marked missing.

e The surface potential temperature calculated for either morning or afternoon
mixing heights was less than the temperature at the first measurement level of the
sounding. The mixing height at the time for which this error occurred was marked
missing.

Candidate months were discarded when these errors caused a maximum missing span
longer than for other candidate months (i.e., there was no absolute standard for maximum
missing applied to all stations). See File E (available from the authors upon request) for
information on when these errors occurred.
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A.3 Results

This section contains the month/year pairings selected by the above procedure and used
to compile the TMHY' s for each surface observation station. It also reports, for each
station so selected, results of the application of the inclusion and selection criteria used to
evaluate each candidate month. Stations are grouped into two lists: TMY?2 stations, where
month/year pairings correspond to those selected in the TMY?2 dataset, and empirical
stations, where month/year pairings for at least one month were empirically determined
as described in section A.2.3. The TMY?2 stations are Long Beach, Los Angeles, Medford
OR, Sacramento, San Diego, and San Francisco. The stations where typical year/month
pairings were empirically determined are Arcata-Medford, Arcata-Oakland, Bakersfield,
Fresno, and Santa Maria.

A.3.1 Month/Year Pairings for TMY2 Stations

All month/year pairings reported below correspond to those selected by NREL in the
TMY?2 data set (NREL, 1995). Columns 4-8 report the results of the data quality and
selection criteria listed above. (File D provides a legend for all WBAN identification
numbers. This file is available from the authors upon request.)

Long Beach (WBAN 23129)

Radiosonde SAMSON Maximum

Radiosonde Preference  Reporting  Missing Lower Upper

Month Station Year Group Period Span Bound Bound
1 3131 1967 3 Yes 0 0 0
2 3131 1972 3 Yes 0 0 0
3 3131 1979 3 Yes 0 0 0
4 3131 1981 3 Yes 1 0 0
5 3131 1972 3 Yes 0 0 0
6 3131 1971 3 Yes 0 0 0
7 3131 1969 3 Yes 0 0 0
8 93197 1963 1 Yes 0 0 0
9 3131 1977 3 Yes 0 0 0
10 3131 1979 3 Yes 0 0 0
11 3131 1971 3 Yes 0 0 0
12 3131 1985 3 Yes 0 0 0
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Los Angeles (WBAN 23174)

Radiosonde SAMSON Maximum

Radiosonde Preference  Reporting  Missing Lower Upper

Month Station Year Group Period Span Bound Bound
1 3131 1988 3 Yes 0 0 0
2 3131 1971 3 Yes 0 0 0
3 3131 1987 3 Yes 0 0 0
4 93214 1980 3 Yes 0 0 0
5 3131 1972 3 Yes 0 0 0
6 93197 1961 1 Yes 0 0 0
7 3131 1968 3 Yes 0 0 0
8 3131 1970 3 Yes 0 0 0
9 3131 1968 3 Yes 0 0 0
10 3190 1989 3 Yes 0 0 0
11 3131 1968 3 Yes 0 0 0
12 3131 1985 3 Yes 0 0 0

Medford (WBAN 24225)
Radiosonde SAMSON Maximum

Radiosonde Preference  Reporting  Missing Lower Upper

Month Station Year Group Period Span Bound Bound
1 24225 1968 1 Yes 0 0 0
2 24225 1962 1 Yes 0 0 0
3 24225 1980 1 Yes 0 0 0
4 24225 1986 1 Yes 0 0 0
5 24225 1968 1 Yes 0 0 0
6 24225 1981 1 Yes 0 0 0
7 24225 1965 1 Yes 0 0 0
8 24225 1972 1 Yes 0 0 0
9 24225 1973 1 Yes 0 0 0
10 24225 1972 1 Yes 0 0 0
11 24225 1962 1 Yes 0 0 0
12 24225 1970 1 Yes 1 0 0
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Sacramento (WBAN 23232)

Radiosonde SAMSON Maximum
Radiosonde Preference  Reporting Missing Lower Upper
Month Station Year Group Period Span Bound Bound
1 23230 1967 2 Yes 0 0 0
2 23230 1981 2 Yes 2 0 0
3 23230 1985 2 Yes 0 0 0
4 23230 1974 2 Yes 0 0 0
5 23230 1966 2 Yes 0 0 0
6 23230 1971 2 Yes 0 0 0
7 23230 1968 2 Yes 0 0 0
8 23230 1964 2 Yes 0 0 0
9 23230 1966 2 Yes 0 0 0
10 23230 1981 2 Yes 0 0 0
11 23230 1987 2 Yes 0 0 0
12 23230 1986 2 Yes 1 0 0
San Diego (WBAN 23188)
Radiosonde SAMSON Maximum
Radiosonde Preference  Reporting Missing Lower Upper
Month Station Year Group Period Span Bound Bound
1 3131 1988 1 Yes 0 0 0
2 3131 1970 1 Yes 0 0 0
3 3131 1970 1 Yes 0 0 0
4 3131 1968 1 Yes 0 0 0
5 3131 1965 1 Yes 0 0 0
6 3131 1973 1 Yes 0 0 0
7 3131 1974 1 Yes 0 0 0
8 3131 1961 1 Yes 0 0 0
9 3131 1968 1 Yes 0 0 0
10 3131 1981 1 Yes 0 0 0
11 3131 1968 1 Yes 0 0 0
12 3131 1985 1 Yes 0 0 0
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San Francisco (WBAN 23234)

Radiosonde SAMSON Maximum

Radiosonde Preference  Reporting Missing Lower Upper

Month Station Year Group Period Span Bound Bound
1 23230 1966 1 Yes 0 0 0
2 23230 1977 1 Yes 0 0 0
3 23230 1963 1 Yes 0 0 0
4 23230 1974 1 Yes 0 0 0
5 23230 1986 1 Yes 0 0 0
6 23230 1971 1 Yes 0 0 0
7 23230 1970 1 Yes 1 0 0
8 23230 1963 1 Yes 0 0 0
9 23230 1966 1 Yes 0 0 0
10 23230 1973 1 Yes 0 0 0
11 23230 1979 1 Yes 1 0 0
12 23230 1974 1 Yes 0 0 0

A.3.2 Month/Year Pairings for Empirical Stations

For the following stations, at least one month/year pairing was empirically determined.
A “Yes” in the column “TMY2 Pair” indicates that the year listed matches the TMY2-
selected year for that month; a “No” indicates that the month/year pairing was
empirically determined. If the month/year pair was empirically determined, Column 4
(Candidate Months) reports the number of available candidate months from which the
most typical was selected; otherwise, the value “N/A” appears. Columns 6-10 report the
results of the data quality criteria and selection criteria. Those months for which the
selected year used radiosonde data with a lower bound less than -2 or an upper bound

greater than 3 (i.e., invalid months) are highlighted in bold.
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Arcata_Medford (WBAN 24283)

Radiosonde SAMSON Maximum
TMY2 Candidate Radiosonde Preference Reporting Missing Lower Upper

Month Year Pair Months Station Group Period Span Bound Bound
1 1968 Yes N/A 24225 1 Yes 0 0 0
2 1973  Yes N/A 24225 1 Yes 0 0 0
3 1975 Yes N/A 24225 1 Yes 0 0 0
4 1974  Yes N/A 24225 1 Yes 0 0 0
5 1980 Yes N/A 24225 1 Yes 0 0 0
6 1984 No 43 24225 1 Yes 0 0 0
7 1982 No 43 24225 1 Yes 1 0 0
8 1975 No 43 24225 1 Yes 1 0 0
9 1972  Yes N/A 24225 1 Yes 1 0 0

10 1980 Yes N/A 24225 1 Yes 0 0 0
11 1971 Yes N/A 24225 1 Yes 0 0 0
12 1979 Yes N/A 24225 1 Yes 0 0 0

Arcata_Oakland (WBAN 24283)

Radiosonde SAMSON Maximum
TMY2 Candidate Radiosonde Preference Reporting Missing Lower Upper

Month Year Pair Months Station Group Period Span Bound Bound
1 1968 Yes N/A 23230 1 Yes 1 0 0
2 1963 No 42 23230 1 Yes 0 0 0
3 1975 Yes N/A 23230 1 Yes 1 0 0
4 1967 No 43 23230 1 Yes 0 0 0
5 1961 No 43 23230 1 Yes 1 0 0
6 1978 No 43 23230 1 Yes 1 0 0
7 1989 Yes N/A 23230 1 Yes 1 0 0
8 1971 No 41 23230 1 Yes 1 0 0
9 1974 No 42 23230 1 Yes 2 0 0

10 1981 No 42 23230 1 Yes 1 0 0
11 1963 No 43 23230 1 Yes 1 0 0
12 1966 No 41 23230 1 Yes 1 0 0
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Bakersfield (WBAN 23155)

Radiosonde SAMSON Maximum
TMY2 Candidate Radiosonde Preference Reporting Missing Lower Upper

Month Year Pair Months Station Group Period Span Bound Bound
1 1962 No 11 23203 1 Yes 1 0 0
2 1962 No 8 23203 1 Yes 0 0 0
3 1961 Yes N/A 23203 1 Yes 0 0 3
4 1955 No 3 23114 2 No 1 -3 4
5 1956 No 2 23203 1 No 1 0 3
6 1956 No 2 23203 1 No 0 0 4
7 1956 No 2 23203 1 No 0 0 4
8 1956 No 2 23203 1 No 0 0 3
9 1956 No 2 23203 1 No 0 0 5

10 1955 No 2 23203 1 No 0 0 4
11 1961 No 9 23203 1 Yes 0 0 2
12 1961 No 8 23203 1 Yes 0 0 0

Fresno (WBAN 93193)

Radiosonde SAMSON Maximum
TMY2 Candidate Radiosonde Preference Reporting Missing Lower Upper

Month Year Pair Months Station Group Period Span Bound Bound
1 1963 No 11 23203 1 Yes 0 -2 0
2 1962 No 8 23203 1 Yes 0 0 0
3 1961 No 6 23203 1 Yes 0 0 3
4 1955 No 3 23114 2 No 1 -3 4
5 1957 No 2 23114 2 No 0 -3 0
6 1956 No 2 23203 1 No 2 0 4
7 1956 No 2 23203 1 No 0 0 4
8 1956 No 2 23203 1 No 0 0 3
9 1956 No 2 23203 1 No 0 0 5

10 1955 No 2 23203 1 No 0 0 4
11 1961 No 9 23203 1 Yes 1 0 2
12 1961 No 8 23203 1 Yes 0 0 0
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Santa Maria (WBAN 23273)

Radiosonde SAMSON Maximum

TMY2 Candidate Radiosonde Preference Reporting Missing Lower Upper

Month Year Pair Months Station Group Period Span Bound Bound
1 1978 No 33 93214 1 Yes 0 0 0
2 1973 No 35 93214 1 Yes 0 0 0
3 1981 No 33 93214 1 Yes 1 0 0
4 1974 No 35 93214 1 Yes 0 -2 0
5 1968 No 35 93214 1 Yes 0 0 2
6 1963 Yes N/A 93215 2 Yes 0 0 0
7 1979 Yes N/A 93214 1 Yes 0 0 0
8 1979 Yes N/A 93214 1 Yes 0 0 0
9 1965 Yes N/A 93215 1 Yes 0 0 0
10 1975 No 30 93214 1 Yes 1 0 0
11 1966 No 32 93214 1 Yes 0 0 0
12 1974  Yes N/A 93214 1 Yes 1 0 0

A.4 Meteorological Preprocessor Outputs

This section contains selected details about the output files of both meteorological
preprocessors (mixhts.exe and PCRAMMET). File E (available from the authors upon
request) contains annotated listings of all output files produced by both programs.

A.4.1Filling of Twice-Daily Mixing Heights

Any gaps in twice-daily mixing heights were filled before input to PCRAMMET or, for
those stations/months using the empirical CDF selection process, before construction of
the monthly and long-term CDFs. Missing twice-daily mixing heights were linearly filled
from the preceding and subsequent mixing heights from the same time period (AM or
PM).

It should be noted that gaps were only filled for files with the potential to be used in
constructing a TMHY year; that is, filling was performed only for candidate months
selected by the empirical process. For most cases, only candidate months with a resultant
maximum missing span of zero or one AM or PM mixing height were retained for use by
the selection process; however, for a few stations, a candidate month with a maximum
missing span of 2 was the best available candidate (i.e., Fresno, Arcata-Medford, and
Sacramento).

By filling all gaps in the twice-daily mixing heights, PCRAMMET was able to produce
8760 hours of TMHY data for all stations without errors.
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A.4.2 PCRAMMET Warning: Mixing Heights Less than 10 Meters

PCRAMMET provides warnings for all hours where urban or rural mixing heights are
less than 10 m; the user of TMHY's should be aware that while the output files contain
mixing heights less than 10 m, for the purposes of air dispersion modeling, these values
should be reset to 10 m, which is standard procedure in regulatory air dispersion
modeling (EPA, 2000).

A.4.3PCRAMMET Modification of Wind Direction

Wind direction is provided in ten-degree bins in the SAMSON dataset. To compensate
for bias introduced by the binning, PCRAMMET adds a random flow vector between -4
and 5 to the input wind direction, which produces wind directions in integer degrees
(EPA, 1999). Therefore, the TMHY wind directions will not precisely match the input
SAMSON files.

A.4.4 PCRAMMET Modification of Wind Speed

PCRAMMET converts wind speed taken from SAMSON files from m/s to knots, then
back to m/s, to align with methods used for other data sources where wind speed is
provided in knots (EPA, 1999). This unnecessary unit conversion introduces false
precision in the wind speeds. Therefore, output values were replaced in the TMHY's with
the original wind speeds provided in the SAMSON data set.

A.5 References

Atkinson, D. and Lee, R. 1992. Procedures for Substituting Values for Missing NWS
Meteorological Data for Use in Regulatory Air Quality Models. Environmental
Protection Agency. www.epa.gov/scram001/surface/missdata.txt accessed
09/14/04.

EPA. 1998. User Instructions: Computing Twice Daily Mixing Heights. Environmental
Protection Agency, Office of Air Quality Planning and Standards.
www.epa.gov/scram001/tt24 accessed 09/16/04.

EPA. 1999. PCRAMMET User’s Guide. Environmental Protection Agency, Office of Air
Quality Planning and Standards. www.epa.gov/scram001/tt24 accessed
09/16/2004.

EPA. 2000. Meteorological Monitoring Guidance for Regulatory Modeling Applications.
Environmental Protection Agency, Office of Air Quality Planning and Standards.
www.epa.gov/scram001/guidance/met/mmgrma.pdf accessed 09/21/2004.

Finkelstein, J.M. and Schafer, R.E. 1971. "Improved Goodness-of-Fit Tests." Biometrika,
58, pp. 641-645.

156


http://www.epa.gov/scram001/surface/missdata.txt
http://www.epa.gov/scram001/tt24
http://www.epa.gov/scram001/tt24
http://www.epa.gov/scram001/guidance/met/mmgrma.pdf

FSL/NCDC. 1997. Radiosonde CD Data Archive. Forecast Systems Laboratory and
National Climatic Data Center. raob.fsl.noaa.gov/Raob Software.html accessed
09/14/04.

NCDC, 1993. Solar and Meteorological Surface Observation Network (SAMSON), Vol.
3 (Western United States, 1961-1990). Version 1.0 National Climatic Data
Center, National Oceanic and Atmosheric Administration, US Department of
Commerce. Asheville, NC.

NREL. 1995. User’s Manual for TMY2s: Typical Meteorological Year. National
Renewable Energy Laboratory, Boulder, CO. rredc.nrel.gov/solar/pubs/tmy?2/
accessed on 09/16/04.

A.6 Files available from the authors upon request

File A: TMY2-selected Month/Year Pairs

File B: Radiosonde Station Preference Groups

File C: Radiosonde Data Availability for Candidate Month/year Pairs for Surface Stations
Using the Empirical Method in Development of the TMHY

File D: Station Identification and Map

File E: Supplementary Files

157



Appendix B. Plume Rise

Combustion products are typically emitted from stacks at elevated temperatures
compared to the surrounding atmosphere and at substantial velocity. This causes the
plume of emissions to rise compared to the physical height of the stack due to buoyancy
and momentum effects, the former typically dominating. The height at which the plume
is controlled by atmospheric conditions (stability and wind speed) as opposed to the
conditions of its release is called the effective stack height. The effective stack height is
used in Gaussian plume modeling to represent the height of the plume centerline, with a
Gaussian concentration distribution for both increasing and decreasing z. The effective
stack height (h) is equal to the sum of the physical stack height (hs) and plume rise (Ah).
Plume rise is affected by a number of parameters, including the conditions of release
from the stack (exit velocity and difference between effluent temperature and ambient
temperature), atmospheric stability, and wind speed. Multiple methods exist to determine
the ultimate plume rise (Hanna et al., 1982, Seinfeld and Pandis, 1998, Turner, 1994, and
ASME, 1979 all summarize the literature in slightly different ways, most of which are
based on the work of Briggs (1969, 1971, 1974 and 1975)). We have chosen the method
recommended by Turner (1994) because it is straightforward and only requires variables
that are contained in either the meteorological or emission databases used in our study.
The other sources supplement the Turner method in terms of assumptions and
understanding.

Through different equations for unstable-neutral and stable conditions, one
determines buoyancy and momentum-induced plume rise, taking the one producing the
greater plume rise as dominant and equivalent to the final plume rise. The buoyancy flux
parameter (F) is used under both atmospheric conditions and is given by

F = gvd>AT /4T,
where g is gravitational acceleration (9.8 m s™), v is the stack gas exit velocity (m s™), d
is the inside diameter at the top of the stack (m), AT is the difference between the stack

gas and ambient temperature (K), Ts is the stack gas temperature (K), providing F in units
of m*s™ (from eq. 12, p. 63 of Briggs, 1975).

B.1 Final Rise for Unstable-Neutral Conditions (Turner
Stability Classes 1-4)

Calculate both buoyancy and momentum plume rise. The larger of the two is the
final plume rise under unstable and neutral atmospheric conditions.
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B.1.1 Buoyant Rise

For F <55 m* s (from eq. 6, p.103 of Briggs, 1971)

Ah=21.425F*/u,
where Ah is the height of the plume centerline above the source (m) and u, is the wind
speed at the top of the physical stack (m s™). (Note: for those stacks taller than 10 m, the
wind speed will need to be adjusted using the wind speed at the reference height and the
appropriate urban/rural power-law exponent.)

For F> 55 m"* s (from eq. 7, p. 103 of Briggs, 1971)

Ah=38.71F " Ju,
These equations are based on curve fits to empirical data.
B.1.2 Momentum Rise

Ah =3 dv/u,

(from eq. 5.2, p. 59, of Briggs, 1969).

B.2 Final Rise for Stable Conditions (Turner Stability
Classes 5-7)

B.2.1 Buoyant Rise

For this calculation, an intermediate variable, the stability parameter, must be
calculated (from p.1031 of Briggs, 1971):

s=(gdg/dz)/T

where dd/dz is the change in potential temperature with height (K/m) and T is the ambient
temperature (K). Note, dd/dz = dT/dz + I", where I' is the adiabatic lapse rate (0.0098
K/m). The American Society of Mechanical Engineers (ASME) provides a point estimate
for the potential temperature gradient where using actual measurements is not practical
(ASME, 1979): for stability class E (5), dd/dz = 0.02 K/m and for class F (6), d&/dz =
0.04 K/m.
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Final rise is then
13
Ah=2.6/ F/(u,s)]

(from eq. 50, p.96 in Briggs, 1975).

B.2.2 Momentum Rise

The lesser of the unstable-neutral momentum rise and the result of the equation
below is deemed the final momentum rise. The final momentum rise is then compared to
that for stable buoyant rise. The final stable plume rise is the larger of the momentum rise
and the buoyant rise.

A =15[(vd°T) f(aTu,) ] s

(from eq 4.28, p. 59 in Briggs, 1969).
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