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ABSTRACT

A comprehensive emissions assessment was performed on the Haynes No. 5
boiler during oil firing. Level 1 and Level 2 procedures were utilized to
characterize pollutant emissions. Results of the comprehensive assessment,
in conjunction with assumed typical and worst case meteorological conditions,
were utilized to estimate the environmental impact of emissions from this
type of unit. Principal conclusions indicated are as follows: 1) The risk
of violating National Ambient Air Quality Standards (NAAQS) due to criteria
pollutant emissions is low. 2) Little adverse health effect is anticipated
as a result of SOZ’ SO4=, and particulate emissions projected from wide-
spread use of oil-fired units of the type tested. 3) The impact of trace
element burdens in drinking water, plant tissue, soil and the atmosphere is
negligible. 4) The risk of plant damage due to criteria pollutant emissions
is remote. 5) The likelihood of plant damage due to trace element emissions
is remote.
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METRIC COMNVERSION FACTORS AND PREFIXES
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1 um = 1 x 1075 meter
1nm=1x10"° meter.
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SECTION 1
INTRODUCTION

Conventional methods for conversion of fuels into usable forms of
energy historically have impacted all segments of the environment. Most
conventional combustion processes emit sulfur oxides, nitrogen oxides,
carbon oxides, particulate matter and other potentially harmful pollutants
to the air. Conventional fuel combustion processes are playing an in-
creasing role in the movement toward national energy independence. As a
result, the potential for adverse environmental impact is also increasing.
In recognition of these facts, IERL-RTP established the Conventional
Combustion Environmental Assessment program (CCEA) to conduct comprehensive
assessments of the effects of combustion pollutants on human health,
ecology, and the general environment. The assessments will result in re-
commendations for control technology and standards development to control
adverse effects within acceptable limits.

This report details results of a comprehensive emissions assessment -
performed on the Haynes No. 5 utility boiler in Long Beach, California.
The No. 5 unit is a once-through, supercritical boiler with a net electric
generating capacity of 346 MW. Although either o0il or gas may be burned
in this unit, tests described herein were performed exclusively during oil
firing. The unit has a horizontally-opposed wall fired furnace and is
equipped with off-stoichiometric firing and flue gas recirculation for NOx
control. No particulate or SOX controls are utilized.

Based on 1978 data, non-tangential units comprise 59% of all generating
capacity for residual oil-fired utility boilers. The average size for
non-tangential units is 100 MW which is a factor of three smaller than the
tested unit. Only 18% of all non-tangential oil-fired generating capacity
is associated with NOX controls although 54% of the capacity provided by
controlled horizontally-opposed firing is associated with some form of off-
stoichiometric firing in conjunction with flue gas recirculation. O0il-fired
utility boilers typically do not utilize particulate or SOx controls. Since



the Haynes No. 5 unit is somewhat larger than the average non-tangential
utility boiler, it may be considered typical of large horizontally-opposed
units with NOX controls.



SECTION 2
SUMMARY AND CONCLUSIONS

A comprehensive emissions assessment was performed on the number 5
boiler at Haynes Power Plant in Long Beach, California. The plant is owned
and operated by the Department of Water and Power of the City of Los Angeles.
The number 5 boiler is a Babcock and Wilcox supercritical Universa]-Pressure
boiler with a net electrical generating capacity of 346 MW. Either low
sulfur oil or natural gas may be fired in the horizontally-opposed wall
fired furnace of the number 5 unit. NOX emissions are controlled with off-
stoichiometric firing and flue gas recirculation.

Emissions testing was performed during oil-fired operation. Level 1
and Level 2 (1) analyses were performed on the fuel 0il and the flue gas.
Level 1 analyses were performed to determine NOX and hydrocarbon concentra-
tions in the flue gas. Concentrations of CO, 502, 503, 504_, C1°, F~, and
tctal particulates in the flue gas were -determined by Level 2 analyses.
Trace element concentrations in the flue gas were estimated from Level 1
analysis of the fuel oil assuming all trace elements were emitted from the
stack. No significant liquid or solid waste streams are produced by the
boiler unit.

Results of the emissions assessment are presented in Table 2-1. Measured
emissions of the criteria pollutants and 503 correspond well with published
AP-42 (2) emission data from oil-fired utility boilers although measured
NO, and total organic emissions were somewhat Tower. Reduced'NOx emissions
are the result of NOx control systems on the number 5 unit.

Of the 39 trace elements studied during this effort, only the estimated
flue gas concentrations of Cr and Ni were found to exceed their respective
Discharge Multimedia Environmental Goal (DMEG) values. Hence, emission

factors for these elements have been included in the emissions summary table.

Speciation of organic compounds present in the flue gas indicated the
presence of aliphatic hydrocarbons, benzaldehyde, trimethyl cyclohexane-one,



TABLE 2-1. SUMMARY OF POLLUTANT EMISSIONS
FROM AN OIL-FIRED UTILITY BOILER

Pollutant Emission Factor, ng/J
NOX* (as NO2 near full load) 16 ¢ 2.1277F
cot 6.6 + 3,11t
soz* 98 + 7.0"tt
*% ]
503 .14
=%%
504 1.27
Total Organics’! 0.42 - 0.58
Total Particulates*¥ 7.5 = 1,21t
-kX
Cl 1.34
kK ’
F 0.061
[ 3 & ]
Cr . 0.002
* K%k .
Ni 0.2

NO, was determined by continuous chemiluminescent analysis (Level 1).

CO was determined by continuous non-dispersive infrared analysis
(Level 2).

S02 was determined by continuous pulsed fluorescence analysis and by
the CCS (Level 2).

503, SO4=, C1™ and F~ were determined by analysis of the CCS (Level 2).

Ci- Cyp fractions were determined by gas chromatograph while the >Cyg
fraction was determined gravimetrically (Level 1).

Total particulates were determined by a modified Method 5 procedure
(Level 2).

wex Trace element emission factors were estimated from the SSMS fuel

analysis under the assumption that all trace elements in fuel would
be emitted from the stack. Only the estimated flue gas concentrations
of Cr and Ni were found to exceed their respective DMEG values.

™t The indicated uncertainty represents one standard deviation.

%k

tt

%



C2 substituted acetophenone, methyl esters of benzoic acid and substituted
benzoic acid, diethylphthalate, and ethylbenzaldehyde at concentrations
between 0.02 ug/m3 and 2 ug/m3. POM emissions consisted primarily of
naphthalene. With the exception of the possible presence of benzo(a)-pyrene
(benzopyrenes were detected but benzo(a)pyrene was not specifically identi-
fied), comparison of measured concentrations of organics with their

respective DMEG values indicates that all POM compounds were present at
levels too low to be of environmental concern.

An environmental impact assessment was performed based upon emission
rates measured at the Haynes No. 5 boiler and assumed typical and worst case

type meteorological parameters. Principal conclusions indicated by this
assessment are as follows:

e The environmental acceptability of emissions from oil-fired
boilers is largely dependent on site-specific factors such
as background pollution levels and meteorology. However,
the risk of violating NAAQS due to criteria pollutant emis-
sions from an oil-fired boiler (353 MW gross output scale)
like Haynes No. 5 appears low.

o Based on the Lundy-Grahn Model for health effects associated
with suspended sulfate levels, limited adverse health
effects would result from these emissions. Similar results
were obtained with this model considering the effects of
SO2 and total particulate emissions on people older than 40
years of age.

e The impact of trace element burdens in drinking water, plant
tissue, soil and the atmosphere as a result of measured
emissions from this oil-fired utility boiler is generally
orders of magnitude less than allowable exposure levels.

® The risk of plant damage due to criteria pollutant emissions
from this oil-fired boiler appears to be remote. However,
the effect of secondary pollutants formed by reactions
between NOx and hydrocarbons, and the synergistic effects of
S02 in the presence of ozone are uncertain.

® The likelihood of damage occurring in plants due to trace
elements from oil firing at Haynes appears remote.
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SECTION 3
TEST SETTING

PLANT DESCRIPTION

The oil-fired utility boiler tested was Boiler Number 5 at Haynes
Power Plant, Long Beach, California. The boiler is owned and operated by
the Department of Water & Power of the City of Los Angeles. Boiler MNumber
5 is one of six boiler units at the facility. It burns either natural gas
or low sulfur o0il, and utilizes off-stoichiometric firing and flue gas
recirculation to control NOx emissions.

The Haynes Power Plant is located in the urban Los Angeles Basin
approximately 32 kilometers south of downtown Los Angeles. Figure 3-1
shows a general plot plan of the entire facility, and Figure 3-2 shows the
general material flow diagram for the unit tested.

As shown in Fiqure 3-1 the facility has six boiler units. This number
is made up of three identical pairs of boilers, that is units 1 and 2 are
identical, units 3 and 4 are identical, and units 5 and 6 are identical.

Fuel for the facility is supplied by ARCO, Coastal States Marketing,
and Asiatic Petroleum. It is usually transported to the facility by pipe-
line. There is approximately 1,000,000 barrels of oil storage capacity at
the facility.

Water for boiler feed water makeup, fire fighting, and general usage
is supplied by the City of Long Beach Water System. Waste water from general
vwash-down, and contaminated condensate is treated on site in settling ponds
and ultimately discharged into the San Gabriel River. Metal cleaning waste
solutions are removed via vacuum trucks and hauled to designated waste
disposal areas. '

Boiler

Boiler Number 5 was built to the Department of Water and Power's
specifications by Babcock and Wilcox. It is a double reheat, supercritical
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pressure, horizontally-opposed wall fired, Universal-Pressure boiler. The
boiler can burn either natural gas or oil. Boiler number 5 was put into
commercial operation in August 1966. Table 3-1 contains the boiler specifi-
cation data. A schematic diagram of the boiler and ancillary equipment is
given in Figure 3-2.

Combustion air is supplied to the unit by two forced draft fans.
Prior to entering the combustion zone the temperature of the air is in-
creased to approximately 550 K in the preheater section. The air preheaters
recover heat from the flue gas and transfer it to the combustion air via
heat exchangers.

Fuel is usually brought to the facility via natural gas and oil pipe-
lines. The oil is continuously circu]ateq through the system to avoid
gumming and waxing due to settling of heavy hydrocarbons. The oil is pumped
about the facility at a rate of 0.024 m3/s.

Combustion air is supplied to the unit by two variable speed fluid
drive, air foil blade fans. Each fan supplies 10,100 m3 of air at 300 K
at a pressure of 113 kPa.

Recirculation of the flue gas to the boiler combustion zone is accom-
plished by two constant speed, damper controlled fans. Each flue gas
recirculation fan delivers 5500 m3 at 648 K at a pressure rise of 4.16 kPa.

Figure 3-3 is a simplified schematic of the system showing the
generalized flow through the system. Super heated steam leaves the boiler,
passes through the high pressure turbine and is then routed back to the
boiler where it passes through the 1st reheater. From the 1st reheater the
steam is sent to the intermediate pressure turbine and is then routed back
to the boiler where it passes through the 2nd reheater. From the 2nd re-
heater the steam is sent to the low pressure turbine. From the low pressure
turbine the steam is sent to a condenser. From the condenser the 1liquid
passes through a system of eleven heaters arranged in series where it is
heated and returned to the boiler. The heaters are supplied with steam
from various points in the system.

The boiler powers two generators. One is driven by the high and inter-
mediate pressure turbines, the other by the low pressure turbines. The

10



TABLE 3-1.

BOILER NUMBER 5 DESIGN DATA

Type
Manufacturer
Number of Burners
Burner Arrangement
Air Preheater
Combustion Air Temperature
Combustion Air Volume
Recirculation Gas
Volume
Temperature
Reheat
Design Steam Rate
Super Heat
First Reheat
Second Reheat
Design Generating Capacity

0il/gas

Babcock & Wilcox
24

Front and Rear Firina
Yes

572 K

6.02 m>/s (300 K)
Yes

3.26 m>/s

647 K

Two Stage

16,200 Kg/s, 25 MPa, 811 K

13,700 Kg/s, 7.3 MPa, 835 K

12,100 Kg/s, 2.6 MPa, 849 K
353 MW (gross)

combined generators have a capacity of 353 MW (i.e., maximum gross output
is 353 MW as opposed to the salable or net output of 346 MW).

The fuel o0il specifications are critical because burning of "clean"
fuel constitutes the only SO2 and particulate control mechanism. A typical
fuel o1l analysis is presented in Table 3-2. Because the boiler can burn
gas, the oil tests were scheduled such that they occurred after the boiler
had been burning only oil for at least a week.

Air Quality Control

Emissions of sulfur dioxide and particulates are controlled by burning
low sulfur fuel oil, by the furnace design, and by rigorous maintenance and
operational procedures.

Off-stoichiometric firing and flue gas recirculation are used to
minimize NOx emissions. Off-stoichiometric firing consists of running each

11



Al

I

{
|

SUPE

WFURN

ECON

I:QATER

{

ACE WALL

IZER

RE I-%&ET

i

1ST
§IEHEAT

!

HIG
PRESSURE
TURBINE

&W
PRESSURE
TURBINE

ENERATOR
1800 RPM

]

CONDENSER

Figure 3-3.

System Schematic




TABLE 3-2. TYPICAL FUEL OIL ANALYSIS™

Heating Value

44,000 Kd/Kg

Viscosity, SUS at 333 K 112.9
Sulfur, % by Weight 0.18
Ash, Weight % of 0il (G.030
Specific Gravity of 289 K 0.9100
Kater Content, % 0.21
Metal (ppm)
Iron 9.3
Vanadiun 3.9
Nickel 5.1
Sodium 30
Calcium 0.13
Magnesium 5.6
Copper 0.40
Potassium 1.85
Lead 2.3
Zinc 0.51
ATuminum 1.0

*
Data were provided by Haynes personnel. No information is available
regarding the number of samples analyzed or standard deviations of
analyses.

burner fuel rich (i.e., less than stoichiometric oxygen). The remainder of
the oxygen necessary for complete combustion is added to the furnace either
through burners to which the fuel feed has been terminated or through
special air injection points called "NOx ports". Running the burners fuel
rich stretches out each flame and causes it to burn cooler. NOx is formed
two ways, by thermal fixation of atmospheric nitrogen and from the fuel
nitrogen. Lowering the combustion temperature reduces the rate at which
atmospheric nitrogen is converted to NOX. Also, fuel rich flames are
oxygen deficient. Reduced availability of oxygen minimizes NOx formation
from both of the mechanisms outlined above.

13



Flue gas recirculation consists of recirculating some part of flue
gas through the burners. This procedure results in combustion air with a
reduced oxygen conicentration which in turn reduces the NOX formation rates.

Liquid Effluents

No significant liquid streams are produced by the boiler.
Solid Waste

No significant solid wastes are produced by the boiler.
OIL-FIRED UTILITY TEST

The only major emission source at the oil-fired utility site is the
stack. There are no emission controls other than rigid fuel specifications,
except for NOX. Control of NOx is by off-stoichiometric firing and flue
gas recirculation. Therefore, only two streams were sampled, the fuel oil
feed and the stack emissions. No solid or liquid streams were sampled,

The stack emissions of criteria pollutants are very low. As a result,
analysis of the particulates and organics was difficult because of small
sample sizes.

Emissions were characterized using EPA's phased approach to sampling
and analysis. This approach utilizes two separate levels of sampling and
analytical effort (Level 1 and Level 2). Level 1 is a sampling and analysis
procedure accurate within a factor of about 3. This level provides pre-
liminary assessment data and identified problem areas and information gaps
which are then utilized in the formulation of the Level 2 sampling and
analysis effort. Level 2 provides more accurate detailed information that
confirms and expands the information gathered in Level 1. The methods and
procedures used are, in some instances, modified for Level 1 sampling and/or
analysis procedures and are documented in the manual, “"Combustion Source
Assessment Methods and Procedures Manual for Sampling and Analysis",
September 1977. The Level 2 methods and procedures included "state-of-the-
art" techniques as adapted to the needs of this site. Normally all Level
1 samples are analyzed and evaluated before moving to Level 2. However,
because of program time constraints, the Level 1 and Level 2 samples were
obtained during the same test period.

14



The Source Assessment Sampling System (SASS) was used to collect hoth
gaseous and particulate emission samples at the scrubber inlet and outlet
for Level 1 organic and inorganic analysis. The train was run for 6 to 8
hours until a minimum of 30 cubic meters of gas had been collected.

Previous sampling and analysis efforts had indicated possible inter-
ference of SASS train materials on certain organic and inorganic analysis
when at the lower detection 1imits of Level 2 methods. To avoid this
possibility, all glass sampling trains were used to collect Level 2 samples.
Two Method 5 sampling trains were modified for Level 2 organic and inorganic
sample acquisition. Both trains sample approximately 10 cubic meters of
flue gas during a 6~ to 8-hour run time.

A controlled condensate train (Goksoyr-Ross) was used at each location
to obtain samples for 502, SO3 (as HZSO4), particulate sulfate, HC1 and HF.

15



SECTION 4
EMISSION ASSESSMENT OF AN OIL-FIRED UTILITY BOILER

TEST CONDITIONS

Four tests were performed firing residual fuel oil. Electrical output
at this site ranged from 218 to 330 gross MW, corresponding to 62 to 94%
of full-load capacity. These test conditions are tabulated in Table 4-1,
Efficiencies and emission factors for o0il firing are computed using the heat
input from oil feed rates. The accuracy of tabulated steam production rates
has been estimated to be about 13%, based on oil feed rates and gross
electrical oUtput. Oxygen concentratiohs presented are the averages:
obtained from continuous monitoring at the stack. Typical furnace oxygen
levels for normal operation are 3 to 4%. Using fuel oil analyses, this
oxygen range corresponds to an excess air input of approximately 16 to 22%.
Flue gas flow rates were computed from the oxygen concentration at the
stack, fuel analyses, and fuel feed rates (estimated from steam production
rate data) using the following expression:

4.762 (nC +ng *+ .45 nN) + .9405 ny - 3.762 ng

n -
FG 1 - 4.762 (0,/100)
where:
Npg = gram rnoles of dfy effluent per gram of fuel
ny = gram moles of element j per gram of fuel
02 = volumetric O2 concentration in percent

Flue gas flow rates are expressed as dry standard cubic meters per second;
standard temperature and pressure are defined as 293 K and 101.3 kPa,
respectively.

Ultimate analyses of the fuel oil are presented in Table 4-2, along
with averages and standard deviations. Analysis results indicate that the
main fuel components and heat contents were essentially constant during the
test period., Variation in oxygen contents is attributed to the lTow fuel
oxygen content and the fact that oxygen is determined by difference.
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TABLE 4-1, SUMMARY OF TEST CONDITIONS

LL

Test Electrical % of Nominal- Steam Overall Average 02 Excess Air Flue Gas
No. Output Maximum Fuel Feed Production Efficiency in Flue Gas At Furnace Flow Rate
(Gross) Load Rate, . Rate, 6
MW _ kg/hr kg/hr x 10 % % % dscm/s
141 330 94 69,000 0.781 39 6.35 16-22 300
142 218 62 54,900 0.536 32 5.76 16-22 230
143 325 92 66,300 0.860 40 5.66 16-22 280

144 310 88 61,700 0.717 - 40 5.98 16-22 270




TABLE 4-2. SUMMARY OF ULTIMATE FUEL ANALYSIS

. Test

Component 141 142 143 144 Average o*
Carbon 86.94 86.41 8.60 8.21 86.54 0.31
Hydrogen 12.41 12.40 12.33 12.43 12.39 0.04
Nitrogen 0.37 0.16 0.17 0.87 0.39 0.33
Sul fur 0.21 0.17 0.16 0.19 0.18 0.02
Ash 0.01 0.00 0.0 0.01 0.01 0.01
Oxygen' 0.06 0.8 0.73 0.98 0.66 0.4

Heating Value (kd/kg) 43,994 44,224 44,131 44,035 44,096 103

%
o = one standard deviation.

T Oxygen concentration by difference.

Additional analyses were performed on a composite oil sample (tests
141-144) to determine concentrations of trace and minor elements. The oil
analysis was performed by spark source mass spectrometry (SSMS), except for
mercury, which was performed by elemental sparging. These data are presented
in Table 4-3., Typical ranges of some trace and minor elements in U.S. and
foreign crude oils and in fuel oils are also presented for comparison.
Analyses of most trace and minor elements for which typical oil values are
available appear to be consistent with the literature values. However,
several elements, notably Br, C1, Cu, F, Fe, Ge, K, Pb, Rb, and V are some-
what lower than the cited literature values. The significance of these
concentration differences is not apparent due to the limited quantity of
published data. Comparison of SSMS data with typical oil analyses from the
Haynes plant (Table 3-8) indicates excellent agreement for Cu, Fe, K, Ni,

V, and Zn. However, Al, Ca, Na, and Mg were indicated to be major components
by SSMS although they are normally present at the ppm level. Pb was detected
at somewhat lower levels than normal for oil burned at this plant.
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TABLE 4-3. CONCENTRATION OF MAJOR TRACE ELEMENTS IN OIL

ppm in Typical ppm in Typical

Element Fuel 0i1% Concentration, Reference Element Fuel 0i1% Concentration, Reference
ppm+ ' ppmt

Al MC# 4 2 Li 0.02 0.06 2
As <(.01 0.0006-1.1 | Mg MC# 13 2
B 0.5 0.4 2 Mn 0.04 0.001-6 1
Ba a.5 1 2 Mo 0.1 0.9 2
Be <0.01 0.08 2 Na MC+ 31 2
Br <0.01 0.1 2 Ni 8 14-68 2, 4
Ca MC# 14 2 P 1 1 2
Ce <0.01 0.006 2 Pb 0.04 3 2
1 0.1 12 2 Pr <0.01 No Data

Co 0.5 2 2 Rb <0.01 2 2
Cr 0.09 0.002-0.02 1 Sc <0.01 0.02 2
Cs 0.07 0.09 2 Se -0.02 0.03-1 [
Cu 0.1 3 2 Si 4 17 2
F <0.01 0.1 2 Sr 0.09 0.1 2
Fe 2 0.003-14 1, 3 ~Th - £0.2 No Data

Ga 0.08 0.4 2 Ti 0.3 2 2
Ge <0.01 0.2 2 U <0.2 0.7 2
Hg 0.07** 0.02-30 1 v 1 15-590 2, 4
K 3 34 2 In 0.2 1 2
La 0.01 No Data

*
Composite sample analyzed by SSMS (Level 1).

T References 1 and 3 provided ranges for U.S. and foreign crude oils, References 2 and 4 provided either
average values or ranges for residual oil.

¥ MC indicates a major component for which SSMS did not provide a numerical value.
%k
Mercury was analyzed by elemental sparging (Level 1}.



FLUE GAS EMISSIONS

Criteria Pollutants

Federal New Source Performance Standards (NSPS) currently in effect
define allowable emission rates of NOx (as NOZ)’ SO2 and total particulates
from fossil fuel fired utility boilers having 25 MW or greater output.

More stringent limitations have been proposed by EPA for NOX, SO2 and total
particulate emissions. Federal NSPS currently address neither CO nor total
hydrocarbon emissions. Existing NSPS and correspording proposed emission
standards for oil-fired utility boilers are summarized in Table 4-4. It
should be noted that this plant is not required to meet NSPS; they are
provided for comparison only. |

A total of 4 tests vere performed. Criteria pollutant emissions data
for these tests are summarized in Table 4-5 and compared with the EPA AP-42
emission factors for uncontrolled sources (5). In Table 4-6, average
emissions data are presented. The emissions data are discussed by specific
pollutant in the ensuing subsections.

Mitrogen Oxides--

NOx emissions were monitored continuously by chemiluminescent instru-
mentation. The NOx emission factor near full load condition was 116 ng/J,
which is 62% lower than the average NOx emission factor of 309 ng/J
tabulated in AP-42 (5). The lower MO, emission factor was due to the use
of flue gas recirculation and off-stoichiometric firing for NOX control.
Measured NOX emissions are slightly below the NSPS limit of 130 ng/J for
oil-fired utility boilers.

Carbon Monoxide--

Average CO emissions were 6.6 ng/J. This is in reasonable agreement
with the AP-42 emission factor of 14.7 ng/J for oil-fired utility boilers,
considering the normal scatter in reported CO data.

Sulfur Dioxide--

SO2 emissions were monitored continuously by pulsed fluorescent
analyzer for all tests. Additionally, SO2 was determined in conjunction
with the Goksoyr-Ross Controlled Condensation System (CCS) for Test 143.
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TABLE 4-4. EXISTING AND PROPOSED FEDERAL EMISSIOM STANDARDS
FOR OIL-FIRED UTILITIES

Pollutant NSPS Proposed Standard

NOX (as HOZ) 130 na/Jd 130 ng/Jd (0.30 1b/MM Btu)
(0.30 1b/MM Btu) .

s¢, 344 na/Jd 520 ng/Jd (1.20 1&/MM Btu)
(0.80 1b/MM Btu) max. with 85% reduction to

85 ng/J (0.20 1b/I™ Btu)
Total 43 na/d 13 ng/J (0.03 1b/MM Btu)
Particulates (0.10 1b/MM Btu)

TABLE 4-5. COMPARISON OF AVERAGE CRITERIA POLLUTANT EMISSIONS WITH
EPA AP-42 EMISSION FACTORS FOR OIL-FIRED UTILITY BOILERS

Emission'Factor (ng/J)
Pollutant Test Data AP-42
Emission Factor

N0, (as MO, near full load) 116 309
co’ 6.6 14.7
50, 98 84
Total Organics 0.42-0.58 2.94
Total Particu]atesH 7.5 14.2

NO was determined by continuous chemiluminescent analysis (Level 1).
CO was determined by continuous non-dispersive infrared analysis (Level 2).
¥ SO2 was determined by continuous pulsed fluorescence analysis (Level 2).

C] -C16 fractions were determined by gas chromatograph while the >C]6
fraction was determined gravimetrically (Level 1).

+*{ota1 pa;ticu]ates vere determined by a modified Method 5 procedure
Level 2).
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TABLE 4-6.

SUMMARY OF CRITERIA POLLUTANT EMISSICNS

Emission Factor (ng/Jd)

Test No. WO, o o ¢1-Ce 7746 *tig Total Total
(as NO,) 2 Organics*  Organics Organics Organics Particulates

181 N4 1.3 105  0.35-0.56 NDT ot not not

142 91 5.2 95  0.29-0.43 0.02 0.16 0.47-0.61 8.3

143 17 5.6 90t  0.11-0.22 0.02 0.14 0.27-0.38 6.6

144 98 4.5 103 ot np” o' np* np*

Average 105 6.6 98 0.25-0.40 0.02 0.15 0.37-0.50 7.5

> Upper Timit values include detection limits.

t ND - data not available.

* Average of continuous monitoring (105 ng/J) and CCS (75.6 ng/J) data for Test 143.



Average 502 emissions were 98 ng/J for oil firing. This uncontrolled
emission factor is higher than the AP-42 emission factor of 84 ng/J for oil
firing but is well below the NSPS 1imit of 344 na/J for oil-fired utility
boilers.

Total Organics--

In the determination of organic emissions, gas chromatographic analyses
were performed on grab bag samples of flue gas and catches from the Level 1
sampling (SASS train). Additionally, gravimetric analyses were performed
on Level 1 samples to quantify high molecular weight organics. Each bag
sample was collected over an interval of 30 to 45 minutes, with a single
sample being collected per test. These samples were utilized to measure
C] to C6 hydrocarbons. The SASS train collects approximately 30 cubic
meters of flue gas which are drawn isokinetically during the test. Samples
from the SASS train were analyzed to determine organics higher than Cﬁ.
The C7 to C16 fraction was determined by gas chromatograph while organics
higher than C]6 were determined gravimetrically.

Measured organics consisted primarily of the C]-C6 fraction. Average
emissions of the C]”C6 fraction were 0.25 to 0.40 ng/J while those for the

C7-C]6 and higher molecular weight fractions were 0.02 ng/J and 0.15 ng/J,
respectively.

Average organic emissions were 0.4-0.5 ng/J, which is only 15% of the
reported AP-42 value of 2.94 ng/J for oil-fired utility boilers. The higher
"measured" organic value includes the detection limit concentrations for
fractions which were not detected and, as such, represents an upper limit.

Total Particulates--

Average emissions of total particulates were 7.5 ng/J. The measured
particulate emission factor is only about half the reported AP-42 value of
14.2 ng/J, probably due to the extremely low ash content (0.01%) of the
fuel o0il burned. Measured emissions are well below the NSPS Tlimit of 43
ng/dJd.
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Particulate Size Distribution

Due to the extremely light particulate loading, particulate size
distribution data are not available. However, data available from the
literature have indicated that generally 90 wt. % of emitted particulates
are less than 7 um for oil-fired boilers (7).

In a recent draft document issued by the Health Effects Research
Laboratory (HERL) of EPA (8), it is stated that larger particulates (from
3 to 15 um) deposited in the upper respiratory system (in the nasopharynx
and conducting airways) can also be associated with health problems. This
is in contrast to the past belief that particulates of health consequence
were those less than 3 um size and deep-lung penetrable. The area of
concern now is particulates which are 15 um and less, which have been
designated as "inhaled particulates" (IP). For oil firing, it can be
reasonably assumed that almost all the particulates emitted are 15 um or
Tess.

Sulfur Compounds: SO,, SO,, and SQA=

Sulfur species were determined using several methods. 502 at the stack
was continuously monitored during all tests using a pulsed fluorescent
analyzer. During test 143, the CCS was also used to collect 502 (from the
impinger), 503 (condensed as H2504), and 504' (by anion analysis of the
particulate catch). Sulfur speciation data are listed in Table 4-7. An
average of 97.7% of the output sulfur is emitted as 802.

Particulate sulfate represented 1.1% of sulfur emissions. Sulfate
emissions broken down into water- and acid-soluble fractions are presented
in Table 4-8. The bulk (>87%) of the particulate sulfates was present in
the water-soluble fraction.

Approximately 1.2% of the sulfur emitted was in the form of 503. The
SO3 emissions were lower than typical values reported in the 1literature (9),
probably because of the lower vanadium and nickel content of the fuel oil
burned, and because of the use of flue gas recirculation which reduces the
oxygen concentration and, therefore, reduces SO3 formation rate.
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TABLE 4-7. SO,, SO5, AND SO, EMISSIONS™

Sulfur Test No. Sanipling Stack Mole % of Total
Compound Method Gas Sulfur Species
ng/Jd in Flue Gas
SO2 141 Continuous 105
142 " 95
143 " 105
144 " 103
143 ccs 75.6 97.7
Average G8
503 143 ccs 1.14 1.2
S0, 143 ccs 1.27 1.1

%*
Level 2 procedures vere utilized.

TABLE 4-8. SUMMARY OF SULFATE EMISSIONS

Test Sampling Water Soluble Acid Soluble Total
No. Point "~ Sulfates Sulfates ng/Jd
ng/d % of Total ng/J % of Total

143 Stack 1.27 >87.0 <0.19 <13 1.27-1.46

*
Level 2 procedures were utilized.
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Inorganics

Trace element concentrations in the flue gas were computed by assuming
that all trace elements present in the fuel oil are emitted in the stack.
Trace elements in the fuel 0il were determined using spark source mass
spectrometry (SSMS). .

Concentrations of 39 major traﬁe elements present in the flue gas are
presented in Table 4-9. To assess the hazard potential of these emissions,
the emission concentrations are compared with the DMEG values. The DMEG
values are emission level goals developed under direction of EPA, and can
be considered as concentrations of pollutants in undiluted emission streams
that will not adversely affect those persons or ecological systems exposed
for short periods of time (10). The DMEG values tabulated represent air
concentrations which were derived from human health considerations based on
the most hazardous compound formed by the element in question. Only
chromium and nickel exceeded their DMEG values at the stack. Chromium and
nickel have low DMEG values due to considerations of potential human
carcinogenicity. Emission factors for the trace elements analyzed are
presented in Table 4-10.

Chloride and Fluoride Emissions

Specific anion analysis was performed on extracts from particulate
catches and impinger solutions from the Goksoyr-Ross sampling train (Test
143). Emissions of C1~ and F~ were 1.34 ng/Jd and 0.061 ng/J, respectively.
However, anticipated emissions based on SSMS analysis of a composite fuel
sample from Tests 141-144 are 0.002 ng C17/J and 0.0002 ng F /J. Whether
this discrepancy is the result of analytical problems or due to significant
variation in C1~ and F~ contents of the different fuel samples cannot be
conclusively determined from available data. Yet, ultimate fuel analyses
indicate little variation among the fuel samples. Also, it is known that
halogens are not determined well by SSMS. Fluorine is particularly difficult
to analyze by SSMS. On the other hand, specific ion electrode analyses are
generally accurate to within approximately 15%. Hence, it appears reason-
able to conclude that the observed discrepancy is primarily the result of
analytical problems associated with SSMS analyses of C1~ and F~ in the fuel
oil.
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TABLE 4-9.

EMISSION CONCENTRATIONS OF TRACE ELEMENTS

Flue Gas DMEG for Air Discharge
Element Concentration* (Health Basis) Severityf
mg/m3 mg/m
Al% 0.066 5.2 0.013
As <0.0007 0.0029 <0.3
B 0.03 3.1 0.01
Ba 0.03 0.50 0.06
Be <0.0007 0.0020 <0,3
Br <0.0007 10 <0.00007
Ca# 0.0086 16 0.0005
Ce <0.0007 37 <0.00002
C1 0.007+t No Data -—
Co 0.03 0.050 0.6
Cr 0.006 0.0010 6
Cs 0.005 82 0.00006
Cu 0.007 0.20 0.03
F <0.0007 ++ 2.5 <0.0003
Fe 0.1 1.0 0.1
Ga 0.005 5.0 0.001
Ge <0.0007 0.56 <0.2
Hg** 0.005 0.050 0.1
K 0.2 2.0 0.1
La 0.0007 110 0.000006
Li 0.001 0.022 0.05
Mg+ 0.37 6.0 0.062
Mn 0.003 5.0 0.0006
Mo 0.007 5.0 0.001
Na# 2.0 53 0.038
Ni 0.5 0.015 30
P 0.07 0.10 0.7
Pb 0.003 0.15 0.02
Pr <0.0007 No Data ---
Rb <0.0007 120 <0.000006
Sc <0.0007 53 <0.00001
Se 0.001 0.20 0.005
Si 0.3 10 0.03
Sr 0.006 3.0 0.002
Th 0.01 No Data -—
Ti 0.02 6.0 0.003
U <0.01 0.009 <1
v 0.07 0.50 0.1
In 0.01 4.0 0.002
Continued -
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TABLE 4-9. (Continued)

* Estimates based on average trace element content of the fuel oil, as
analyzed by SSMS.

T Discharge severity is defined as the ratio of the discharge concentration
to the DMEG value.

* Estimates based on typical trace element content of the fuel o0il reported
for this site. SSMS analyses performed on the fuel o0il samples indicated

Al, Ca, Mg, and Na as major components without specific numerical values
being given.

*Mercury was determined by elemental sparging (Level 1).

+JrSpecific ion analysis performed on the Goksoyr-Ross catch (test 143)
indicate that the chloride and fluoride concentrations may be as high as
4.7 and 0.2 ng/m3, respectively. This discrepancy is considered to result
primarily from analytical problems associated with SSMS analysis of these
halides.

*
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TABLE 4-10. EMISSION FACTORS FOR TRACE ELEHENTS*

Element Emission Factor, Element Emission Factor,
ng/Jd ng/J
A+ 0.023 Li 0.0003
As <0.0002 Mgt 0.13
B 0.01 Mn 0.001
Ba 0.01 Mo 0.002
Be <0.0002 Nat 0.70
Br <0.0002 Ni 0.2
Cat 0.0030 P 0.02
Ce <0.0002 N Pb 0.02
1 0.002 (1.34) Pr <0.0002
Co 0.0 Rb <0.0002
Cr 0.002 Sc¢ <0.,0002
‘Cs 0.002 Se 0.0003
Cu 0.002 % Si 0.1
F <0,0002 (0.061) Sr 0.002
Fe 0.03 Th 0.003
Ga 0.002 Ti 0.007
Ge <0.0002 U <0.003
Ha 0.002 -y 0.02
K 0.7 In 0.003
La 0.0002
*

Computed assuming that all trace elements in the fuel were emitted
through the stack. Fuel trace elements were determined by SSMS with
the exception of Hg which was determined by elemental sparging.

Emission factors for Al, Ca, Mg, and Na are based on typical fuel
concentrations of these elements for this site. SSMS analyses
indicated these elements as major components without specific
numerical values being given,

Values in parentheses were obtained from specific ion analysis of the
Goksoyr-Ross catch from Test 143.
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Specific Organic Compounds

Selected samples were analyzed by combined gas chromatography/mass
spectrometry (GC/MS) for the identification of organic compounds present.
The organic compounds identified include aliphatic hydrocarbons, benzal-
dehyde, trimethyl cyclohexane-one, C2 substituted acetophenone, the methyl
esters of benzoic acid and substituted benzoic acid, diethylphthalate, and
ethylbenzaldehyde, at concentration levels between 0.02 and 2 ug/m3.

Emissions of polycyclic organic matter (POM) determined by GC/MS are
summarized in Table 4-11. Naphtha]ene is the principal component of the
POM emissions. Benzopyrenes were detected at low levels but specific
isomers cannot be differentiated. Hence, it is not known whether benzo(a)-
pyrene was present. With the exception of the possible presence of

benzo(a)pyrene, all POM compounds from oil firing are at levels too low to
be of environmental concern.

LIQUID WASTE

There are no significant wastewater streams associated with the oil-
fired boiler tested.

SOLID WASTE

There are no significant solid wastes generated from the oil-fired
boiler tested.
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TABLE 4-11., POM EMISSIONS FROM OIL FIRING*

e ————————————————— — e

Emission 3 DMEG Discharge
Compound Concentration, ug/m Value Severity
Test 142 Test 143 ug/m3  Test 142 Test 143
Naphthalene . 7 3 50,000 0.0001 <0.0001
Phenanthridine 0.3 -- No data ND -
Dibenzothiophene ¥ 0.6 -- 23,000  <0.0001 --
Anthracene/
phenanthrene 1 0.2 1,600 0.0006 0.0001
Fluoranthene 1 - 90,000 <0.0001 --
Pyrene 1 -- 230,000 <0.0001 --
Chrysene/
benz(a)anthracene 0.1 o 45 0.0022 -
*k
Benzopyrene and
perylenes 0.04 - 0.02 2 ==
Tetramethyl-
phenanthrene’ -~ 0.6 1,600 -~ 0.0004
Total 11.0 3.8

*
Level 2 procedures were utilized.

T Due to the low compound concentration, phenanthridene has not been
positively identified.

* Due to the low compound concentration, dibenzothiophene has not been
positively identified. Also, the DMEG value for dibenzothiophene is
assumed to be the same as that for benzothiophene.

**The DMEG value for benzo(a)pyrene is used in the computation of the
discharge severity. '

ﬁThe DMEG value for tetramethyl phenanthrene is assumed to be the
same as that for phenanthrene.
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SECTION 5
ENVIRONMENTAL IMPACT ASSESSMENT

This section presents an evaluation of impacts resulting from emissions
from o0il combustion in utility boilers similar to the emissions observed at
the Haynes station. The evaluation is conducted in five parts. The first
part introduces background information pertinent to the development of the
environmental assessment, including a review of relevant studies, plant
emissions, and air quality forecasts. In the succeeding parts, the major
health, ecological, and economic impacts resulting from oil firing in con-
trolled utility boilers of the type tested are estimated. The final section
assesses the implications of the impacts for energy development by consi-
dering: 1) the additional controls which may be needed to mitigate the
expected damage levels, and 2) the potential effect of such control needs
on energy cost and energy resource development.

INTRODUCTION

Economic and environmental concerns over the nation's energy develop-
ment policies have precipitated several research efforts to evaluate the
consequences of all phases of energy development, from fuel production to
fuel end use. To organize the various efforts into a systematic, coordinated,
environmental assessment structure, the Environmental Protection Agency is
implementing a Conventional Combustion Environmental Assessment (CCEA)
Program. This program has been established for the purpose of integrating
together separate data generated by past and current studies into a complete
environmental assessment of conventional combustion processes. The integra-
tion procedure invoives coordination and information exchange between EPA
related studies to: 1) determine the extent to which the total environmental,
economic, and energy impacts of conventional combustion process can be
assessed, 2) identify additional information needed for complete assessment,
3) define the requirements for modifications or additional developments of
control technology, and 4) define the requirements for modified or new
standards to regulate pollutant emissions. The CCEA Program coordinates
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and integrates current and future studies encompassing a wide spectrum of
environmental assessment areas and conventional combustion processes.
Integration of these studies, including the present effort, will provide
the basis for energy policies which result in the expanded use of conven-

tional combustion processes at reasonable environmental, economic, and
energy costs. )

AIR QUALITY

Model Plant Emissions

Air quality impacts of oil firing in utility boilers were estimated
based on a hypothetical model plant. The model plant was characterized
using emission factors derived from the Haynes plant test data and assumed
meteorological parameters. The model plant was assumed to have the same
fuel and boiler characteristics as the Haynes station. The criteria pollu-
tant emission rates utilized are shown in Table 5-1. Comparison of the
measured trace element emission concentrations with DMEG values revealed
that the flue gas contained only 2 elements which exceed their DMEG values
at the stack, Cr and Ni. Hence, only these trace elements were considered
in the analysis.

TABLE 5-1. EMISSION RATES FROM A CONTROLLED 353 MW
(GROSS) OIL-FIRED UTILITY BOILER

Pollutant Emissions, gm/sec
NOx 95.2

co 5.4

SO2 80

Total Organics ‘ 0,34 - 0.48
Total Particulates 6.2

cr 0.002

Ni™ 0.2

*
Trace element concentration in the flue gas (based upon fuel analyses)
exceeds DMEG value. ’
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Annual Emissions

Estimated annual emissions for oil-fired plants generating 353 MW
(gross) are presented in Table 5-2. These estimates are based on the
emission factors determined for the Haynes No. 5 boiler during oil firing.
For annual emission computations, the plant was assumed to operate at 93%
of its maximum load with 40% overall efficiency, for 7008 hours/year (80%
of the year). These assumptions are based upon measurements made during
the test period and operability data provided by Haynes personnel.

Impact on Air Quality

The duration of exposure is important in determining effects of changing
air quality. The highest concentrations occur for short periods (usually
less than one hour) under meteorological conditions causing plume trapping.
The stack emissions are trapped under an inversion layer, with the plume
spreading downward. The frequency of occurrence and the severity of plume
trapping conditions varies depending on the site. As a conservative worst
case estimate in this study, plume trapping conditions were assumed to
persist for periods as long as three hours.

TABLE 5-2. ANNUAL EMISSIONS

Pollutant kg/yr

NO,, 2.40 x 108
6

50, 2.0 x 10

50, 2.36 x 107

50, 2.63 x 10°

co 1.4 x 10°

Total Organics 7.7 X 103 - 10 x 103

¢,-Cg 5.2 x 105 - 8.3 x 10°
2

>C16 3.1 x 10

Total Particulates 1.5 x 10°

*Oii-fired plants generating 353 MW operating 7008 hours/year.
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Typical 24 hour maximum concentrations were estimated assuming Gaussian
steady state plume dispersion under conditions of low wind speed and stable
atmosphere. Typical 24 hour levels were translated to annual expected con-
centrations by applying ratios for the one day maximum and annual mean as
empirically derived from the Continuous Air Monitoring Project (1, 2, 3, 4),
The effective stack height was estimated based on assumed meteorological
conditions, and the actual stack height of the Haynes unit.

Maximum predicted levels for criteria pollutants in the vicinity of
the model plant are presented in Table 5-3. Ambient concentrations resulting
from oil firing are in conformance with all tabulated air quality standards.
The short term maximum concentrations present the most significant air
pollution problem. For any of the pollutants, it should be noted that the
short term maximum concentrations generally occur infrequently, depending
on site meteorology, and are usually of very brief duration (about 1 hour or
less). The maximum concentration levels are localized within a distance of
about one-half to four miles from the boiler stack. These concentrations
diminish to about one-half the peak level another one to eight miles further
downwind. Concentrations of CO and total organics are seen to be in-
significant with respect to short term NAAQS., Hence, these compounds will
not be considered further.

Federal standards limiting deterioration of air quality are generally
more restrictive than the NAAQS. Included in Table 5-3 is a list of the
allowable increments of deterioration for the three classes of growth and
development areas. Allowable emissions may depend primarily on the existing
air quality and the allowable deterioration increment. Consequently, siting
of the plants would be a major consideration in their environmental accept-
ability, since areas which already experience marginally acceptable air
quality may not tolerate the increases projected to occur.

HEALTH IMPACT
The health effects of exposure to high concentrations of the various
pollutants are well known and have been tabulated throughout the literature

(5). However, the specific extent to which health is affected by ambient
pollutant exposure levels (dose-response relationships) is unclear. Moreover,
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TABLE 5-3. COMPARISON OF FEDERAL AIR QUALITY STAMNDARDS
WITH AIR QUALITY PREDICTED TO RESULT FROM OIL
COMBUSTION IN A 353 MW (GROSS) UTILITY BOILER

Concentration, ug/m3

Pollutant Model PSD Increments**
Plant NAAQS Class Class Class
I Il 111
Annual Mean*
NOx 2 100 - -——- _—
co 0.1 - - - _—
S0, 2 80 2 20 40
Total Organics 0.01 ——— -— -~ -
Total Particulates 0.1 75 5 19 37
24 Hour*
NOX 8 _— -— — ——
co 0.4 - c—— e —-
502 6 365 5 91 182
Total Organics 0.04 - - — _—
Total Particulates 0.5 260 10 37 75
1-3 Hour*
NOx 260 -— -~ —— -———
co 15 40,000t e
SO2 230 1,300 25 512 700
Total Organics 1 160 ——— - _—
Total Particulates 18 -— — _—— ——

t Based on typical meteorological conditions for 24 hour period.

*k

t
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Based on worst case meteorological conditions (plume trapping).
Prevention of significant deterioration standards (PSD).

The NAAQS for CO are 40,000 ug/m3 for a 1 hour period and 10,000 ug/m3
for an 8 hour period.

The expected annual averade levels were estimated based on the conser-
vative end of the range of typical ratios for 24 hour maximum to annual
as reported in the Ajr Quality Criteria Documents (1, 2, 3, 4).



it is unclear how pollutant specific dose-response curves may be related
to the overall health effects of the gas-aerosol complex associated with
fossil fuel combustion products.

Most attempts to establish dose-response functions for ambient pollu-
tion levels involve the formulation of some indicator which is then assumed
to represent the entire spectrum‘of primary and secondary pollutants present.
The indicator (usually sulfur dioxide, total particulates, or sulfates) is
then related to mortality or morbidity data for various areas by various
statistical approaches designed to factor out effects of other variables
(e.g., population age, climatology, etc.). Dose-response curves derived
from these studies are then employed to estimate health effects of air
quality changes resulting from proposed projects.

Recently, the health effects model by Lundy and Grahn (6) has been
developed for application in the National Coal Utilization Assessment Studies
being conducted at Argonne National Laboratories. The model combines
mortality functions for suspended sulfates as developed by Finch and Morris
(7) and age-dependent and established response curves for cigarette smoke.
The mortality dose-response functions for suspended sulfates are based on
statistical studies of various populations experiencing different sulfate
exposures., Unlike the dose-response air pollution studies, investigations
of smokers have been relatively well controlled with respect to age, degree
of exposure, and effect. Thus, to expand the predictability of the sulfate
dose-response curves to populations of different age distribution (e.g.,
future populations), the cigarette response curves are adjusted to fit the
observed mortality/sulfate data, resulting in a model which predicts age-
specific death rates. This elaboration is important because death rates
vary exponentially with age, and shifts in the age distribution of a
population will result in substantial shifts in total mortality. According-
1y, the Lundy-Grahn Model utilizes projections of the population age
distribution to estimate the age-specific and total death rates due to air
pollution at any specific time in the future. The basic relationship of
the model is:
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where B is the number of excess deaths per year for the population of age

X which was exposed to the sulfate concentration S (in u9/m3) since age Xo.
The constants a,b,c and d are coefficients to fit the model to cigarette
smoking mortality data and response data for a specific population subgroup
exposed to air pollution.

The Lundy-Grahn Model is being used in the ongoing National Coal Utili-
zation Assessment Program to estimate excess mortality resulting from
increased coal utilization. Air diffusion modeling was conducted first to
predict a population-weighted exposure increase for suspended sulfates. The
Lagrangian Statistical Trajectory Model of Argonne National Laboratory (8),
which assumes a constant transformation of SO2 to sulfate, is employed in
the estimation procedure. This technique has been applied to o0il firing;
based on the predicted exposure increase and projections of the population
age distribution, excess death rates are calculated for each age and summed
to yield the expected mortality associated with oil combustion. Figure 5-1
presents the adjusted projections for an oil firing scenario through the
year 2020. The figure indicates that the expected health effects caused by
air pollution (as indexed by suspended sulfates) from oil-firing of con-
trolled utility boilers are minimal. The maximum impact is expected to
occur in the year 2000, when the proportion of population in the highest
risk age groups will be greatest. For each million persons, the expected
increase in death rate when 0il firing of utility boilers is prevalent is
49 persons per million,

Health effects caused by sulfate levels may also be expressed in terms
of morbidity. Table 5-4 presents data for increases in incidents of health
disorders due to ambient sulfate exposures. In those areas which already
experience high sulfate levels, respiratory disease may increase signifi-
cantly with increases of suspended sulfates due to increased fuel consumption.
For example, in areas where the threshold level 10 ug/m3 is exceeded regu-
larly, the contribution of 2.4 ug/m3 of sulfate concentration associated
with controlled oil-fired boilers would be estimated to produce a 32%
increase in the incidence of chronic respiratory disease caused at the
threshold level.
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Figure 5-1. Health Effects From Sulfate Levels Resulting From 0il
Combustion in Utility Boilers.
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TABLE 5-4. HEALTH IMPACTS OF SULFATE AEROSOL*

pollutent and
Kealth Effect

Population at Risk

Assumed Baseline
Freguency of '
Disorder within
Pzouletion at Risk

PolTutont
Cencentration
Threshald
For Effoct

Effect Increase
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’
b it s

Sulfates
r‘JruTlty

fggravation of
Heart and Lung
Discase ia £lderly

Aggravation of
Asthaua

towar Respiratory
Disezase in Children

Chronic Respiratory
Disease
Honsmokers

Smckers

Total Population:

Same as above for
oxidants function

Same as cbove for
oxidants function

s above for

ane 2
3 gor dioxide
ig

ne
a

v
Lnc

S
nitre
functi

62 percent of
population age 21
or older

28 percent of
population age 21
er older

DPajly death rate of
2.58 per 100,000

Same

Same

Same

Two percent
pravalence

Ten percent
prevalence

25 yg/m? for
cne day or
more

5 ug/m? for
sno day or
more

6 ua/m3 for
one day or
mere

13 ug/m? for
several years

10 wa/md for
sevaral years

15 pg/md for
several years

2.5% por 10 pn/m?
1333 per 10 pu/e3
33.8% per 10 yg/m3

76.93 per 10 ug/=?

1242 per 10 pg/n?

73.8% por 10 po/a’

*
Reference 9.



In addition to potential health effects created by long range sulfate
levels from utility boilers, high concentrations of pollutants in the pro-
ximity of the power plant pose a potentially serious health problem. The
Lundy-Grahn model may also be applied to estimate mortality effects caused
by ambient levels of SO2 and total suspended particulates. The model gives
the following relationships when fitted to Lave and Seskin dose-response
data (6) for S0, and total suspended particulate (TSP):

.g23e+ 064X

per 106 males:

(.835 TSP + ,715 502)
1 + 100e”-2X - X0)
.088X
per 106 females: -056e (.835 TSP + .715 802)
1 + 100e+2(X - o)

If the model is applied for average concentrations expected to occur in the
vicinity of a power plant (Table 5-3), the expected increase in mortality
is appreciable. Figure 5-2 illustrates the estimated impact on mortality.
When boilers are fired with 0il, the increased death rate is about 19 male
and 9 female deaths per million persons per year, at age 50.
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Figure 5-2. Increase in Mortality Rates in Vicinity
of 0il-fired Utility Boilers as a Result
of 502 and Total Particulate Emissions.
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Effect of Trace Elements--

Trace elements from combustion emissions enter the atmosphere and are
then dispersed to the upper atmosphere or deposited in the environment
around the sources. The principal routes of entry to man are by inhalation,
drinking water, and food.

Table 5-5 summarizes estimates of the annual average atmospheric con-
centrations of Cr and Ni expected in the vicinity of a single oil-fired
utility boiler of 353 MW gross capacity. These elements were examined
because their stack concentrations exceeded their respective DMEG values.
Also included in Table 5-5 is a listing of concentrations considered accept-
able for continuous ambient exposure. The allowable concentrations are
based on proposed regulations for control of air pollution from hazardous
waste management facilities, as required by Section 3004 of the Resource
Conservation and Recovery Act. It is clear that the air concentrations of
trace elements resulting from operation of the utility boiler are several
orders of magnitude below either the allowable exposure level or typical
urban air concentrations. '

TABLE 5-5., EXPECTED TRACE ELEMENT CONCENTRATIONS IN VICINITY
OF A 353 MW (GROSS) OIL-FIRED UTILITY BOILER

Annual Ambient Typical Allowable
Element Concentration Urban Air * Exposure
ug/m3 Concentration Levelt
ug/m3 ug/m3
Cr 0.00003 .010 50
Ni 0.004 1.40 100

* Based on data reported in References 10, 11, and 12.

t Based on ambient air objectives proposed for hazardous waste
management facilities (13).
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A primary concern in emissions of trace elements is the contribution
of these elements to body burden due to exposure to water and food. To
estimate this contribution, pollutant deposition rates are approximated by
the product of the ambient concentrations and the deposition velocity of
the pollutant. The deposition rate is dependent on particle size. As dis-
cussed previously particles emitted from an oil-fired boiler are predomi-
nantly less than 7 um in diameter. Available data indicate that the median
particle size is in the 1 um to 3 um range. The deposition velocity of
particles this size over grass surfaces is approximately 0.1 to 0.2 cm/sec
(14). Accordingly, the deposition rates of the various trace elements were
approximated and are shown in Table 5-6.

The significance of the deposition rates is evaluated by considering
the associated effect on drinking water and diet. The pathway to drinking
water is by run-off of soil particles containing deposits of trace elements,
and the pathway to the diet is by plant uptake from trace elements in the
soil. In either pathway, the incremental concentration of elements in the
soil determines the extent of the potential impact. Table 5-7 summarizes
the maximum predicted soil concentration in the vicinity of the oil-fired
model plant. The concentrations are estimated by assuming mixing of the
deposited elements to a depth of 10 cm, and over a period of 40 years. For
these trace elements, only minor increases over the background soil levels
would be expected. The significance of elevated soil concentrations is
evaluated by considering the associated increase in trace element concentra-
tion in plant tissues and drinking water.

The concentration of elements in plant tissues is related to the bio-
logically available fraction of the elements in the soil. This is often
expressed as the soluble concentration in the soil, and is some fraction of
the total concentration reported in Table 5-7. Plants possess the ability
to concentrate elements from dilute soil solutions. This ability is depen-
dent on the concentration of elements in the soil, and usually increases with
decreasing soil concentrations. The ratio of concentration of elements in
plants to the concentration in the soil is known as the concentration ratio.
Table 5-8 lists average plant concentration ratios for various elements.

The data are based on various published data as compiled in a study by
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TABLE 5-6. ANNUAL DEPOSITION OF TRACE ELEMENTS IN VICINITY
OF CONTROLLED OIL-FIRED POWER PLANTS

Element Annual Deposition Rate*,
g/mé-yr.
Cr 1.9 x 107°
N 2.5 x 107
*

Calculated by assuming a particulate deposition velocity

of 0.2 cm/sec. The deposition velocity is multiplied by
the annual average concentration to estimate the total
deposition rate. The deposition rate is calculated for the
location where the maximum average annual concentration
occurs.

TABLE 5-7. LONG TERM EFFECT OF CONTROLLED OIL-FIRED UTILITY BOILER
EMISSIONS ON SOIL CONCENTRATIONS OF TRACE ELEMENTS

Increased Soil Typical Increase Over
Element Concentration* Soil Average Soil
After 40 Years', Concentrationt Concentrations,
mg/kg mg/kg %
Cr 0.001 40 0.003

Ni 0.07 40 0.2

* Based on deposition rate (Table 5-6%, an assumed mixing depth of
10 cm and soil density of 1.5 gm/cmo,

T Based on data compiled in Reference 15.
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TABLE 5-8. LONG TERM EFFECT OF CONTROLLED OIL-FIRED BOILER
EMISSIONS ON CONCENTRATIONS OF ELEMENTS IN PLANTS

Concentration Solubility, Typical Increase in
Element Ratios* of Elements Concentration Concentration:
% in Plants,* of Plants,t
mg/kg mg/kg
Cr 250 0.004 .23 0.00001
Ni 331 0.1 3 0.02

*
Extracted from Reference 15.

T Calculated by multiplying concentration ratio by the incremental increase
in soil concentration (Table 5-7) by the fraction of the element which is
soluble.

Battelle (15). The effect of increased trace element soil loadings (caused
by 40 years of boiler emissions) on concentration of the elements in plants
is then estimated by assuming that the soluble portion of the loadings is
available for plant takeup. The estimates reveal that oil firing produces
less than a 1% increase in concentrations of chromium and nickel in plants.
The actual impact of trace element emissions on plant burden depends greatly
or many site-specific variables, such as temperature, precipitation, soil
type, water chemistry, and plant species at a given site.

Trace elements also enter the plant via foliar absorption. Intake
from the leaf surface to the interior occurs through stomatal openings,
walls of epidemal cells, and leaf hairs. Although relatively little is
known regarding the efficiency of foliar intake, it would appear that the
plant burden produced by soils containing long term deposits is several
orders of magnitude greater than that which could be transferred from foliar
interception of trace elements in the atmosphere. Soil concentrations are
the result of accumulation of elements over the long-term, and crops raised
in these soils tend to concentrate the trace elements in the plant tissue.
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By contrast, the foliar intake rate can be no greater than the deposition
rate on the plant surface, and there is much uncertainty regarding the
efficiency of the plant in absorbing the deposited particles. Thus, it is
clear that the soil uptake scenario (Table 5-8) represents the more adverse
case for plant uptake of trace elements. This scenario assumes no inter-
ference (e.g., animal or crop uptake) with trace element buildup in soils
over a 40 year period, and a fixed concentration of elements in the soil
despite crop uptake.

Trace elements emissions could also affect the quality of drinking
water. The impact of trace element particle deposition on runoff water
concentration will be related to the relative increase in soil concentration
due to long term atmospheric deposition of elements. The actual runoff con-
centrations may be estimated by applying average sediment burden rates for
representative runoff per unit of watershed area. The sediment is assumed
to carry the cumulative deposits of metals originating from the boiler
emissions. Table 5-9 summarizes estimates of increased soluble metals con-
centrations for runoff waters in the vicinity of the model plant. Runoff
water in this vicinity contains trace elements at levels from six to nine
orders of magnitude less than the potable water standard.

IMPACT ON ECOLOGY

The ecological environment will be affected by air emissions and by
solid waste residuals generated by air po11ution control equipment.

Effect of Air Emissions

A major ecological impact category most likely to be affected by
utility boiler emissions is plant life. Of the major gaseous pollutants
emitted by fossil fuel combustion, plant 1ife is most affected by 502 and
NOX in the concentration ranges expected. Concentrations of CO and hydro-
carbons produced by oil firing of utility boilers would be expected to cause
negligible impact on vegetation (4, 16). The maximum levels of NOX and SO2
expected to occur in the vicinity of utility boilers may exceed the
threshold injury values for these pollutants. Sensitive plants in the
vicinity of the utility boiler could suffer injury, although such injury
would be limited to a downwind sector a few miles from the plant.
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TABLE 5~9, TRACE ELEMENT CONCENTRATION IN RUNOFF WATER IN VICINITY
OF CONTROLLED OIL~FIRED UTILITY BOILER
Typical Increase in Increase in EPA Proposed Standard
Background Soluble Metals Soluble Metals Maximum As Critical
Element Concentration Concentration Concentration Acceptable Concentration
of Soluble in Soil After In Runoff Water# Concentration in Potable
Metals In 40 Years+ After 40 Years for Livestock Water
Runoff Water*®
mg/1 mg/kg mg/1 | mg/1 mg/1
cr 1 x 1075 4 x 1078 4 x 107! 1 2 x 1072
Ni 1x10°% 7 x 107 7 x 1078 —-- 5 x 1072

*
Based on average soil particulate runoff rate of 1000 mg/1 of runoff water, and soluble endogenous
concentration of metals in soils (15).

T Based on increase in trace element concentration (Table 5-7) and solubility of elements (Table 5-8).

¢ Based on average soil particle runoff rate of 1000 mg/1 of runoff water, and increased soluble
metals concentration in soil after 40 years.



The secondary pollutants (ozone and peroxyacytylnitrates) formed by
reaction of hydrocarbons and nitrogen oxides are considerably more toxic
than either of the precursors alone. The formation of secondary compounds
in boiler stack plumes and the impact of the boiler nitrogen oxides emis-
sions on urban photochemical smcg depend on complex relationships which
are not yet totally understood. Therefore, it is not possible to reliably
estimate the effect of NOX emissions levels on levels of photochemical com-
pounds. However, based on typical regional emissions figures, it appears
that emissions from power plant fuel combustion provide a significant source
of the regional emissions of NOx necessary for photochemical smog. Approxi-
mately 28% of the nation's NOx emissions are produced by combustion in power
plants (17).

If NOx emissions from utility boilers are a significant contributor to
photochemical smog, then there is valid concern that boiler emissions may
contribute to plant injury. The effects of photochemical air pollution on
plant life have been observed frequently at various different severities
throughout the United States. In addition, the effect of the major consti-
tuents of photochemical smog (products of nitrogen oxides and organic com-
pounds) on plants has been investigated separately. The pigmentation of
small areas of palisade cells is characteristic of ozone injury, and a
bronzing of the undersurface of leaves is typical for peroxyacytylnitrate
injury. Table 5-10 illustrates the relatively low levels of ozone which
will produce significant plant injury to crops. The concentrations shown
are typical of many areas experiencing photochemical air pollution, and
suggest the necessity for concern over sources emitting high levels of NOX.

Nitrogen oxides may also cause injury to vegetation by direct contact.
The significant oxides of nitrogen are NO and NOX. The major oxide in‘com-
bustion emissions is NO. However, after residence in the atmosphere, NO is
converted to NO2 by photolysis and by photochemical interaction with hydro-
carbons. The effect of NO2 on plant 1ife has been studied under controlled
laboratory conditions. Acute injury is characterized by collapse of cells
and subsequent development of necrotic patterns. Chronic injury, caused by
exposure to low concentrations over long periods, is characterized by
chlorotic or other pigmented patterns in leaf tissue. Such injury results
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TABLE 5-10. PROJECTED OZONE CONCENTRATIONS WHICH WILL PRODUCE, FOR
SHORT TERM EXPOSURES, 20 PERCENT INJURY TO ECONOMICALLY

IMPORTANT VEGETATION GROWN UNDER SENSITIVE CONDITIONS*

Concentrations producing injury in three types of plants, ppm

Time, Hr Sensitive Intermediate Resistant
0.2 0.40-0.90 0.80-1.10 1.00 and up
0.5 0.20-0.40 0.35-0.70 0.60 and up
1.0 0.15-0.30 0,25-0.55 0.50 and up
2.0 0.10-0.25 0.20-0.45 0.40 and up
4.0 0.07-0.20 0.15-0.40 0.35 and up
8.0 0.05-0.15 0.10-0.35 0.30 and up

* Reference 18.

in reduction of growth and reproduction. Only limited data are available

to characterize the effect of NO on plants. Generally, it appears that NO
leads to effects somewhat similar to those observed for N02, but at slightly
higher threshold concentrations. Therefore, for worst case evaluations of
the impact of ambient NOx levels, it is assumed that NOx exists as NOZ’ and
that the NOX levels are not depleted by the photochemical reactions which
typically occur in urban areas.

Figure 5-3 illustrates the threshold concentrations at which various
degrees of damage result from exposure to NOZ' As the long term concentra-
tion of NO in the v1cin1ty of the model plant is estimated at 2 ug/m s
injury to p1ants from 0i1 firing is not 1ikely to occur. Even the maximum
short term ambient concentrat1on of NO near the oil-fired boiler, which is

estimated to be 260 ug/m , is below the threshold levels which induce plant
injury.
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Figure 5-3. NO, Threshold Concentrations for Various
Degrees of Plant Injury (19).

Acute short term injury to vegetation by SO2 exposure is characterized
by damaged leaf areas which first appear as water soaked spots, and later
appear as bleached white areas or darkened reddish areas. Chronic SO2
injury is usually characterized by chlorosis (yellowing) which develops from
lower concentrations over extended periods of time. Either acute or chronic
SO2 injury may result in death or reduced yield of the plant if the extent
of the damaged tissue exceeds 5 to 30 percent of the total amount of foliage.
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The impact of the expected SO2 concentrations varies with the plant
species. Threshold injury in sensitive plants may be caused by short-term
SO2 levels as low as 30 ug/m3 (20). Tab]e 5-11 summarizes the broad cate-
gories of sensitivity for different plants. Grain, vegetable, pasture, and
forage croos are susceptible to SO2 damage for most of the growing season.
These crops may suffer yield reductions in areas where power plants such as
that of the present study are located, although the damage would be relati-
vely localized. UData presented in Figure 5-4 indicate that the peak short
term SO2 concentration of 230 ug/m3 near the oil-fired boiler may exceed the
injury threshold of sensitive plants, although the damage would be slight.

It should be noted that the plant damage thresholds illustrated by
Figure 5-4 apply to conditions of temperature, humidity, soil moisture,
light intensity, nutrient supply, and plant age which cause maximum sus-
ceptibi]ity to injury. The occurrence of such conditions are rare. In
fact, in the unlikely event that all such conditions are met, the dose-
response curves indicate that plant injury could occur without a violation
of the federal air quality standard for the 3 hour or 24 hour concentration
of 502. Additional susceptibility may also resu]t from synergistic effects
of sulfur dioxide and other pollutants. Particularly relevant to the urban
environment are combinations of sulfur dioxide and ozone. Moderate to
severe injury of tobacco plants have been observed for four hour exposures
to concentrations of 0.1 ppm (262 ug/ms) SO2 in combination with 0.03 ppm
ozone. Because high ozone levels are a frequent problem in the vicinity of
urban areas, susceptibility to plant injury by SO2 pollution is greater
when utility boilers are also sited in urban areas. One of the major con-
cerns associated with fossil fuel utilization is acid precipitation resulting
from wet deposition of suspended sulfur and nitrate compounds. Data show
that there has been an intensification of acidity in the northeastem region
of the U.S. since the mid 1950's. Precipitation in a large portion of the
eastern U.S. averages between pH 4.0 and 4.2 annually. Values between pH
2.1 and 3.6 have been measured for individual storms at distances several
hundred miles downwind of urban centers. The areas experiencing highest
acidity are typically downwind of the areas where sulfur emissions are
highest (19, 22).
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TABLE 5-11, SENSITIVITY OF COMMON PLANTS TO SO2 INJURY ™
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Acid rain affects plant 1ife in varying degrees depending on the pH
and the type of plant species. Experiments show that the effects on plants
may include reduction in growth or yield, leaf damage, death, and chlorosis.
Acid rain also has been shown to affect aquatic organisms, and it is be-
lieved that thousands of lakes are now experiencing reductions in fish
population due to acidification between pH 5.0 and 6.0 (19). The level of
sulfates estimated to result from oil firing is about 2.4 ug/m3, a level
not expected to result in significant acid precipitation. Based on tests
of the utility boiler of this study, it appears that emissions from oil

firing are not apt to cause adverse plant burdens of either chromium or
nickel.

ECONOMIC IMPACT

The direct economic impacts associated with residuals of fuel combus-
tion involve the costs of damages (or benefits) sustained when the residuals
enter the environment. Second order economic impacts associated with the
residuals involve the alterations that occur in employment, the tax base,
energy prices, income, and land values due to the damages (or benefits)
resulting from combustion residuals. The quantification of direct economic
impacts involves the difficult task of ascribing economic values to environ-
mental changes. Quantification of second order economic effects are yet
more difficult because of gaps in knowledge which make it impossible to
determine the complex relationships between cost and the numerous socio-
economic factors involved.

A number of ongoing energy related studies are attempting to develop
sophisticated economic models which will predict the cost of environmental
damages (6, 21, 23). The models address the cost of visibility reduction,
health effects (morbidity and mortality), and certain second order effects.
Utilization of the models requires substantial input data involving regional
demography and emission source distributions. The models require further
refinement and are currently under continuing development. The data base

or scope of the present program did not permit the adaption and utilization
of such models.
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The extent of the economic impacts resulting from residuals of 353 MW
oil-fired utility boilers is proportional to the extent of the environmental
damages which occur. The analyses have shown that while some impact of
emissions from the oil-fired boiler tested in this study may occur, federal
ambient air quality standards for sulfur oxides and nitrogen oxides will
probably not be violated in the vicinity of the model plant. However, in
spite of conformance with air quality standards, the economic cost of plant
emissions in the affected areas may be significant. These costs include
medical expenses, loss of productivity, cost of cleanup and maintenance for
soiling damages, and reduced crop revenues.

Whatever the extent to which additional controls may be required for
oil-fired boilers, the cost of such controls will probably be relatively
minor compared to the overall operating cost of a boiler and other factors
affecting the overall costs. Even when predicted pollutant loadings meet
environmental standards, it is not entirely clear whether the increasing use
of fossil fuels may be continued at the forecasted levels of control tech-
nology without potential long term environmental damages. If it is found
that long term effects of pollution (e.g., trace metals accumulation, lake
acidity, land use) are unacceptable, then more stringent environmental
regulations can be expected, and it is clear that energy cost will increase
with increasing control requirements.
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APPENDIX A
SIMPLIFIED AIR QUALITY MODEL

Simple ambient air quality models were used to estimate the maximum
expected ground level concentrations of criteria pollutants. It is
important to recognize that these air quality values are estimates only.
based upon several simplified assumptions, as discussed below. Two sets
of meteorological conditions were considered: worst case and typical.
Conditions were selected that are representative of what could reasonably

be expected to occur almost anywhere in the country but are not specific
to the area of the plant from which the pollutant emission rates were
obtained. It was assumed that all species were inert. No photochemical
reactions were considered.

There are several meteorological conditions which can produce high

ground level pollutant concentrations. These conditions can result in

plume coning, looping, fumigation, and trapping, all of which can cause

high ambient concentrations. In the case of coning, high levels occur
along the plume centerline. Looping causes high grouhd level cohcentrations
" at points where the plume impacts the ground. Fumigation causes high ground
level concentrations which are generally lower than those from plume
‘trapping. For this study it was assumed that plume trapping constituted
the worst case in terms of ground level concentrations.

Trapping conditions occur when an inversion layer or stable air aloft
inhibits upward dispersion of the plume. Although the plume is trapped by
the capping stable layer at height L, the plume distribution is still
Gaussian in the horizontal and uniform in the vertical directions. Ambient
concentrations can be estimated by the following equation (1):

X (x,0,z3H) = =—L— {exp [- 1/2 'ZZ;:'i>2J + exp [— 1/2 _Z_’f_H_)z]

o
2nuoyoz . 2

(M
J 2 2
+ 2 exp - ]/Z(E.El.-z—m-‘-) +exp - 1/2 (Z'H(':-ZNL)
N"] z 7
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+ exp - 1/2 (%)2 +exp - 1/2 (Z+2+2NL)2:| s

z Zz

Where: X (x,y,z;H) = Concentration at point (x,y,z) asguming an

effective stack height of H, ug/m
= Effective stack height, m
Pollutant emission rate, kg/hr
= Mean wind speed, m/s |

= Concentration distribution within the plume
in the horizontal (9y) and vertical (92z)
directions, m

Q T o =
i

= Height above the ground, m

= Maximum wind speed class index, unitless
Wind speed class index, unitless

Height of the stable layer, m

- 2 G N
]

n

At ground level (z=0) and at the plume center line (y=0)
Equation (1) reduces to:

X (x,0,0:H) = ml— {exp [— 1/2(01)2] + é [exp - 1/2(“% ’

o
UOyO'Z z

+ exp -1/2(?%?%EQ%J }

For typical conditions, ground level concentrations were calculated
using a Gaussian solution to the convective diffusion equation (2):

(2)

X (X,y:0) = o= exp - {(Hz/zozz) + yz/zoyz)} (3)
yzs
Where: X = Concentration, g/m3
Q = Pollutant release rate, g/s
Qy,oz = Crosswind and vertical plumé standard deviations, m
fig = Mean wind speed, m/s
H = Effective stack height, m
X,y = Downwind and crosswind distances, m.
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At the plume centerline, Equation (3) reduces to:

1y
X (x,0,0) = ;EJ%;f: exp - H (4)

y “z¢ 20

z

The maximum value of this equation occurs at the distance where
=H/ \’ 2 .
In Equations (3) and (4), H is defined by:

H = Hs + AH (5)

Where HS = physical height of the stack and H = plume rise, both\eXPressed
in meters. There are more than 30 plume-rise formulas in the 1iterature,
all of which require empirical determination of one or more constants, For
the purpose of this study, the Briggs plume rise formula was chosen to
calculate the final plume rise in stable conditions,

T\ 13 |
AH = 2.6 (;E—) ! (6)

Where: AH = Plume rise, m
¥ = Wind speed, m/s
s = Stability parameter, unitless
F = Buoyancy flux. ‘

The stability parameter, s, is defined as:

9 _
=328 (7)
e 9z
Where: g = Gravitational constant, m/sz;
6 = Potential air temperature, K
20/3z = (3Thz) + 0,0098 K/m, the potential temperature

gradient. Based on the normal lapse rate, 3T/a3z,.of
temperature in the atmosphere of -0.0065 K/m, a value
of .0033 K/m was employed for 238 in this study.

3z
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The buoyancy flux, F, is defined as:

F =3 gur (8)

Where AT

Stack temperature minus the ambient air temperature, K
Stack temperature, K
Gravitational constant, m/s2

—
1]

-~ T auw
1]

Stack exit velocity, m/s
Inside radius of the stack, m.

The plume rise was calculated using Equation (6). The data used for
the calculations are shown in Table A-1. The values selected for wind speed
are discussed below.

TABLE A-1. STACK PARAMETERS AND PLUME RISE

Stack temperature, K 394
Ambient temperature, K 293
Stack exit velocity, m/s 24
Stack area, m2 26
Stack height, m : 73

Equation (2) was used to estimate maximum ambient concentrations
resulting from short term meteorological conditions causing plume trapping.
As a worst case estimate for this study, plume trapping conditions were
assumed to persist for periods as long as three hours. Equation (4) was
used to estimate maximum ambient concentrations for condtions which could
typically persist over a 24 hour period. For the 24 hour concentration
forecasts, typical conditions of wind speed (4 m/sec) and atmosphere sta-
bility (Class D stability) were assumed to persist. For the short-term
plume trapping, conditions of low wind speed (1 m/sec) and a moderately
unstable atmosphere (Class B stability) were assumed to persist throughout
the applicable averaging period. These conditions were selected because
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they produce high ground level concentrations. The inversion inducing
plume trapping was assumed to be at an elevation equivalent to the
effective stack height (504 m), Results of these calculations are
presented in Table A-2.

TABLE A-2. PREDICTED MAXIMUM AMBIENT CONCENTRATIONS
OF CRITERIA POLLUTANTS

Pollutant Concentration,
Pollutant ug/m3

24 hour period:

NO 8
co* 0.4
S02 6
Particulates 0.5
Total organics 0.04
Plume trapping:

co 15
S02 230
Particulates 18
Total Organics 1
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APPENDIX B
ORGANIC ANALYSES - OIL FIRING

Sample Preparation

Emissions from the stack at the oil-fired utility boiler were sampled
both while the unit was operating at 62 and 92% of full load. The test run
at 62% of full load conditions will be referred to as test 142; the run at
92% of full load will be called test 143.

Tvio additional test runs were made, using the SASS train, which were
not analyzed. All samples from the four tests were prepared for analysis
using procedures detailed in Reference B-2, with modifications whenever
necessary to ensure Level 2 quality data would be produced. The steps
involved for each sample type are summarized below.

XAD-2 resins: Each sample was extracted in a Soxhlet apparatus
for 24 hours with methylene chloride.

Filters: Each sample was extracted in a Soxh1et apparatus for
24 hours with methylene chloride.

XAD-2 module condensates: Each sample was extracted three
times with methylene chloride at adjusted pH condition
to first 11, and then 2. The volume of methylene chloride
used for each extraction was ten percent of the condensate’
volume.

Organic rinses: No preparation required.

One milliliter aliquots were taken of all these samples for subsequent
TCO analysis. Then the solutions were concentrated to 10 m1 in Kuderna-
Danish evaporators. Aliquots taken for analyses included 1 m1 for TCO,
1 m1 for GRAV/IR and a composite for GC/MS prepared as follows:

CD-LEA-KD 1 ml CDB-LEA-KD 1 ml
CD-LEB-KD 1 ml CDB-LEB-KD 1 ml
XR-SE-KD 2 ml XRB-SE-KD 2 ml
PF-SE-KD 2 ml PFB-SE-KD 2 ml
PR-0-KD 2 ml MAB-0-KD 4 ml
MR-0-KD 2 ml
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The flow diagram in Figure B-1 shows the sample handling and analysis
scheme used. The sample code is explained in Table B-1,

Summary

Level 1--

The total amounts of organics found in the stack emissions during these
two tests are shown below:

Test C

142 850-1241 ng/m>  61.1 pg/m> 478 ug/m>  1389-1780 ug/m°
143 327-652 54.6 397 779-1104

1-C6 C7-C16 > 616 Total Organics

The field GC analysis showed measurable amounts of only C1, i.e.,
methane. The laboratory GC analysis indicated about fifty percent of the
less volatile materials were in the C8 boiling range. The other 20 ug/m3
were reasonably well distributed throughout the entire 200°C boiling point
range being examined.

A peak-by-peak evaluation of the chromatograms of fhe (:7-C]6 compounds
shows no signs of the acetone condensation products mesityl oxide (a C8) or
diacetone alcohol (a Cg).

The amount of material less volatile than n-heptane in individual
samples was too low to trigger the Level 1 liquid chromatographic separation
procedure. Also, the infrared spectra of XAD-2 resin samples were in-
distinguishable from the resin blank.

Level 2--

Results of the analysis of the combined SASS train extracts and the
controls are summarized as follows:

1) The compounds found in the combined SASS train extracts
and which are believed to have been present in the gas
sample are present at 2 ug/m3 or less. Many of the
compounds identified in the total sample are sorbent
resin artifacts.

2) Some compounds could not be identified by computerized

data reduction techniques. These are believed to be
silicone artifacts, for the most part.
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Figure B-1. Flow Chart of Sample Handling and AnaTysis Procedures
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TABLE B-1. SAMPLE CODE FOR ORGANIC SAMPLES ANALYZED

!

“XXX-XX~XX-XX-XX

SAMPLE CODE

Seco!; Level

Site Sample Sample First Level
Indentification Type Preparation Analysis Analysis
141 CD-condensate 0-no preparation GC-C7-C-‘6
from XAD-2
module , GI-GRAV/IR
PR-solvent probe u e
142 rinse LEA-Tiquid-Tiquid MS-GC/MS
f extraction,
acidified
MR-soévent XAD-2 sample
le ri
143 modute rinse KD-K-D LC-LC separation
XR-XAD-2 resin concen-
tration
PF-filters B '
144 ' LEB-Tiquid-1iquid
XM-composite of extraction,
SASS train basic sample
_ component
samples SE-Soxhlet solvent

extraction




3) Some POM were found in the samgles at levels ranging
from less than 0.05 to 10 ug/m° of sampled gas.

Level 1 Data

Total Chromatographable Organics Analysis (TCO)--

TCOs were performed as described earlier. All samples were analyzed
both prior to and after the Kuderna-Danish concentration step. The results
of the C7—C]6 analyses on the K-D concentrates are given in Table B-2,

The unconcentrated samples did not contain any detectable quantity of
hydrocarbons, and are, therefore, not listed.

Field Gas Chromatographic Analyses--

The chromatographic analyses performed in the field make use of a
Shimadzu GC-Min 1 gas chromatograph with dual flame ionization detectors.
Separations are made on a 183 cm x 0.32 cm stainless steel Poropak Q
packed column.

Calibration and quantitation is accomplished using the same techniques
as in the laboratory. The n-alkanes and the data reporting ranges are
listed below.

C, -160 to -100°C Ca 0 to 30°C
C, -100 to - 50°C Ce 30 to 60°C
Cy - 50 to 0°C C6 60 to 90°C

The detection limits for the field GC analyses, properly calibrated
with C]-C6 standards, are 0.1 ppm or 65 ug/m3 hydrocarbon as methane.

Results of the field analysis are summarized in Table B-3,
Gravimetry for C]3 and Higher Hydrocarbons--

Gravimetric determinations were performed on the concentrates of
solvent rinses and extracts in accordance with the procedure in Reference
B-2: a one milliliter aliquot was taken from each sample and evaporated to
dryness in an aluminum pan. The residues were then weighed on a micro-
balance. The results are presented in Table B-4.
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TABLE B-2. RESULTS OF TCO ANALYSIS OF UNCONCENTRATED AND CONCENTRATED SAMPLES

Hydrocarbon Content, ug/m3

69

Sample C; C C Cg C1 G2 C3 Ca G5 Cop Total
142-CD-LEA-KD-GC LB 0 0 0 0 0 0 0 0 0 LB
142-CD-LEB-KD-GC LB 0 0 0 0 0 0 0 0 0 LB
143-CD-LEA-KD-GC LB 0 0 0 0 0 0 0 0 0 L8
143-CD-LEB-KD-KC < 0.1 0 0 0 0 0 0 0 0 0 < 0.1
142-XR-SE-KD-GC 0.4 26.5 1.0 2.5 6.9 137 1.9 0 0.2 0.5 53.6
143-XR-SE-KD-GC 0.4 28.1 2,2 2.7° 4.4 LB 2.4 2.8 LB 0.1 43.1
142-PF-SE-KD-GC 0 LB 0 0 0 0 0 0 0 0 LB
'143-PF-SE-KD-GC 0 0 0.9 0 3.2 0 0 0 0 0 4.1
142-PR-0-KD-GC 0 0 2.9 0 0o 0 0 0 0 0 2.9
143-PR-0-KD-GC 0 0.2. 36 O 0 0 0 0 0 0 3.8
142-MR-0-KD-GC 0 0 4.6 0 0 0 0 0 0 0 4.6
143-MR-0-KD-GC 0 0 3.6 0 0 0 0 0 0 0 3.6

A1l valves corrected for blanks.
Value of 0 given whenever no material was detected. Instrument detection 1imit stated in text.
LB means less material found in sample than in blank.
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TABLE B-3.

RESULTS OF FIELD GC ANALYSIS

Hydrocarbon Content, ug/m3

.

Sample C] C“2 3 C4 C5 C6 Total
147 981 < 65 < 262 <131 < 65 < 65 981 -~ 1569
142 850 < 65 <131 <-65 < 65 . < 65 850 - 1241
143 327 < 65 < 65 327 - 652

144 (no data)

< 65 < 65 < 65
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TABLE B-4. GRAVIMETRY OF SAMPLE CONCENTRATES

Correction for

Weight ~ Aliquot Sample 3 Net GEav,

Sample mg/m1 Blank, mg/ml Factor Volume, m ug/m
142-CD-LEA-KD-GI  0.078 LB X10 24.4 0
142-CD-LEB-KD-GI  0.051 LB X10 24.4 0
143-CD-LEA-KD-GI  0.103 0.028 X10 30.6 9.2
143-C0-LEB-KD-GI  0.050 0.013 X10 30.6 4.2
142-XR-SE-KD-GI 1.470 0.954 X10 24,4 396
143-XR-SE-KD~GI 1.582 1.104 X10 30.6 361
142-PF-SE-KD-GI 0.135 0.014 X10 24 .4 5.7
143-PF-SE-KD-GI 0.093 L8 X10 30.6 0
142-PR-D-KD-GI 0.159 0.110 X10 24.4 45.1
143-PR-0-KD-GI 0 0 X10 30.6 0
142-MR-~0-KD-GI 0.142 0.077 X10 24.4 31.5
143-MR-0-KD-GI 0.138 0.070 X10 30.6 22.9
141-CDB-LEA-KD-GI  0.075
141-CDB-LEB-KD-GI  0.036
141-XRB-SE-KD-GI  0.582
141-PFB-SE-KD-GI  0.121
141-MCB-0-KD-GI 0.075
141-MAB-0-KD-GI 0.109




Infrared Analyses (IR) on Samples Concentrated in Kuderna-Danish Evaporators--

Each of the concentrates weighing more than 0,5 mg was also scanned by
infrared (IR) spectroscopy. After the final weighing, the residue in each
weighing pan was redissolved in methylene chloride and smeared onto a NaCl
window. The resulting spectra and the compound classes whose presence was
identified are summarized in Table B-5. The spectra of the samples were
indistinguishable from those of the blanks.

Other Analyses--

No sample contained more than 0.5 mg/m3 of organic material. Applying
stated Level 1 decision criteria, the organic analysis was halted. A com-
posite sample of all the SASS train components was prepared for Level 2
organic work.

Level 2 Data

Two different GC/MS analyses vere performed. GC/MS was performed using
parameters as similar as possible to those used in the Total Chromatographable
Oraanics (TCO) analysis. The objective of this approach was to identify
peaks seen in the TCO chromatograms. In addition, several of the samples
in this study were also subjected to a specific POM analysis using a Dexsil
300 column. Both of these techniques are described in Reference B-2. A
total of three samples was submitted for this effort. A description of the
samples analyzed is presented in Table B-6.

Tables B-7 through B-9 present the results of the GC/MS analyses as
source concentrations. DMEG values are also given. Compounds marked with
an asterisk were not found in the blank, as described in the next paragraph.
Except for the possible benzopyrene in the 142 SASS composite, DMEG values
for compounds in Tables B-8 and B-9 were at least 1600 times larger than the
concentrations found. Benzopyrene was not positively identified, but if the
compound was benzopyrene, it is present at a level 32% above its DMEG value.

The results for the blank sample (Table B-7) are included in this
document because chemical compound contribution from the blank is substan-
tial when compared to the samples. Furthermore subtraction of the blank
levels from the sample levels could lead to misinterpretation of the data.
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TABLE B-5.

INTERPRETATION OF INFRARED
SPECTRA OF SAMPLE CONCENTRATES

Semple Band Band Compound
Identifica- Location, Intensity Classification
tion cm”
141-XRB-SE-KD- :
GI 3400 W H, NH or C = 0 overtone
3060 W CH stretch-aromatic
2920, 2860 S CH stretch-aliphatic
1720 M C=0
1690, 1670, 1640, :
1630 - W C=¢C
1600 W Benzene ring
1550 W NO, antisym stretch
1530 W Beﬁzene ring
1510, 1480 W Benzene ring
1460° M H2
1450 M , Hz‘
1410 W arboxylic acid
1370 M CH3 :
1345 M NO, sym stretch
1270 M -8-c
1110 S -0-H
930 W arboxylic acid
700 W Benzene ring substitution

Indicates esters, poly-
thylene oxide with
1cohol possible, i.e.,
resin

N.B. Samples 142-XR-SE-KD-

I and 143-XR-SE-KD-GI
indistinguishable from
blank '

- Continued -
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TABLE B-5 (Continued)

Sample

Band Band Compound .
Identifica- Location, Intensity Classification
tion cm~
142-XR-SE-KD-GI| 3560-3140 W OH, NH or C = 0 overtone
3060 W CH stretch-aromatic
2920, 2860 S ‘CH stretch-aliphatic
1720 S cC=0
1710 S C=0
1640, 1630 W lc="c¢
1600 W Benzene ring
| 1550 W NO, antisym stretch
1500, 1495, 1480
1470 W Benzene ring
1460, 1450 M CH,
1410 W Carboxylic acid
1370 W CH3 :
1345 W N0, sym stretch
1270 M Cc-0-C _
1175 W Unassigned
1105 S 'C-0-H
1025, 1015 L Unassigned
940 W Carboxylic acid
855 W
835 W .
800 W) Benzene ring substitution
755 Wi _
710 W

- Continued -
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TABLE B-5 (Continued)

Sample Band Band Compound
Identifica- Location, Intensity Classification
tion cm”
143-XR-SE-KD-GI 3600-3150 W OH, NH or C = 0 overtone
3060 W CH stretch-aromatic
2960, 2920, 2870 M CH stretch-aliphatic
1720 M C=0
1710 M cC=0
1640, 1630, 1600,
1530, 1510, 1500 W Unsaturation; 1600 in
1490, 1470 “fbenzene ring
1550 W N02 antisym stretch
1460 W Cﬂz
1450 W CHZ_ |
1410 W Carboxylic acid
1370- W CH3 '
1275 M “|c-0-C
1250 M C-0-C
1175 W Unassigned
1100 M C-0-H
1030 W Unassigned
940 MW Carboxylic acid
W Benzene ring substitution

850, 800, 760, 710
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TABLE B-6. SUMMARY OF GC/MS SAMPLES AND ANALYSES
FROM THE OIL-FIRED SITE

Sample No. Description
142-XM-SE-KD Composite of SASS Train Extract and Rinse
Concentrates
143-XM-SE-KD Composite of SASS Train Extract and Rinse
Concentrates
141-XMB-SE-KD Composite of Blank Samples Related to SASS Train
Sampling; Also Concentrated

TABLE B-7. GC/MS ANALYSIS OF 141-XMB-SE-KD
(BLANK) COMBINED EXTRACTS

Simulated
Concentration Concentration
In Extract In Sampled Gas
Compound ug/l g /m3*
Level 2 Analysis
Diethylbenzene 26 3
Ethylstyrene 60 7_
Methy!1indene 3 0.4
Naphthalene 44 5
Chloronaphthalene 20
{Internal Standard)
Ethylbipheny) or Diphenyléthane 16 2
Unknown 1 0.1
Two Components believed to be 29 3
Trimethylpropenylnaphthalene .
and Dihydromethylphenylbenzofuran
Unknown Silicone Compound 13 2
C18¥22 9 _ !
Mixture beleved to contain 73 s
Hexadecyloxypentadecy! - 1,
3-Dioxane and an alcohol >Cy4.
Butylisobutylphthalate 17 2
Unknown Silfcone 2 0.2
Unknown Silicone 5 0.6
Unknown Silicone I 0.5
Dioctylphthalate K} 4
POM Analysis

Naphthalene 24
Possible 11 1.3
Trimethylpropenylnaphthalene

3

* Theoretical Sample Volume of 30 m” used.
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TABLE B-8. GC/MS ANALYSIS OF 142 SASS COMPOSITE
Concentration DMEG Value
In Sampled Gas ng/m3
Compound ug/m3
Level 2 Analysis

_ Ethylstyrene 4 T
Methylindene 0.3 T
Naphthalene 4 T
*Benzaldehyde 2 5.9e4
*Trimethylcyclohexene-one 0.4 No Data
*C, Substituted Acetophenone 0.3 4.1£4+
*Substituted Benzoic Acid, Methyl 0.4 6.1E4

Ester

Chloronaphthalene 3 ===

(Internal Standard)

Ethylbiphenyl or Diphenylethane 0.7 -—-

Unknown Silicone 0.7 -
*Diethylphthalate 0.7 5E3

Unknown 0.3 .-

Two compounds believed to be 2 ——

Trimethylpropenylnaphthalene and

Dihydromethylphenylbenzofuran

Unknown S$ilicone 0.6 o

Unknown Silicone 3 T

Unknown 0.4 ———

Hexadecyloxypentadecyl - 1, 2 o=

3-Dioxane

Butylisobutylphthalate 1 i -
*Fluoranthene 2 9E4
*Pyrene 0.6 2.365

Unknown Silicone 0.7 it

Dioctylphthalate - 25 -

POM Analysis

Naphthalene 10 -
*Possible Phenanthridene MW179 0.3 No Data

Possible Trimethylpropenylnaphthalene 2 —
*Probable POM MW184 0.6 Unknown
*Phenanthrene 1 1.6€3
*Fluoranthene 1 9E4
*Pyrene 1 2.3E5
*Chrysene or other MW228 POM 0.1 2.2E3
*Benzopyrene or other MW252 POM 0.0% 2E-2

* Detected compounds not found 1n blank sample: 141-XMB-SE-KD.
These are presumed to be in the gas sample.

M Yalue is for acetophenone.
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TABLE B~9. GC/MS ANALYSIS OF 143 SASS COMPOSITE.

Concentration DMEG Vg‘lue
In Sampled Gas vg/m
Compound ug/m3
Level 2 Analysis

Possible trans Chlorocyclohexanol 0.5 ==

Diethylbenzene 2 ===

Ethylstyrene 2 -——-
*Benzoic Acid, methyl ester 0.02 6.1E4

Possible Methylindene 0.07 —

Methylindene (fsomer) 0.1 -
*Ethylbenzaldehyde 0.4 5.9E4+

Naphthalene 2 —
*Trimethylcyclohexene-one 0.5 No Data
*Cp Substituted Acetophenone .0.2 4.1E4+
*Possible C3 Substituted Pheno! 0.5 “1.5E4¢

Chloronaphthalene 2 - '

{Internal Standard)

Ethylbiphenyl or Diphenylethane 0.1 -
*Unknown (apparent mole wt 180) 0.4 -
“Diethylphthalate 0.2 5€3

Unknown Silicone 0.4 -

Two Compounds believed to be 2 -

Trimethylpropenylnaphthalene and

Dihydromethylphenylbenzofuran

Unknown Silicone 0.5 ==

Unknown Silicone 0.4 -

Unknown Silicone 3 -

Unknown 511fcone 0.4 ===

Unknown Silicone 0.4 Lt

Unknown; Apparent mole wt 343 1 -

Butylisobutylphthalate 0.8 J—

Unknown Silicone 1 -
*Tetramethylphenanthrene 0.6 1.6E3

Unknown Silicone 0.4 e

Dioctylphthalate 2 -———

POM Analysis

Naphthalene -6 .

Possible 0.5 -

Trimethylpropenylnaphthalene
*Anthracene or Phenanthrene or 0.2 1.6E3

Other MM178 POM.

* Detected compounds not found in blank sample: 141-XMB-SE-KD.

Presumed to exist in sample gas.

* value given {is for parent compound.

$ valuve is for ethylphenol.




The compounds which have been found in the two samples (Tables B-8 and

B-9) and which are absent in the mixture of blank resin artifacts have been
designated by an asterisk preceding their name. One will notice that only

7 to 8 compounds have been so designated. HNone of these compounds have been
determined to be in the sample gas at levels exceeding 2 ug/m3.

The lower portions of Tables B-7, B-8, and B-9 present the results of
the specific POM analysis performed. Several POM compounds were found in
the 142-XM-SE-KD sample when the computerized search techniques for POM were
used. Three of the compounds were also found by the nonspecific Level 2
technique. In sample 143-XM-SE-KD, only one compound was found by specific
POM analysis which was not found in the blank.
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B-2.
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