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ABSTRACT

The report gives results of the meéasurement of emission factors for
reactive volatile organic compounds (VOC) from 43 utility boilers firing
bituminous coal, lignite, 0il, and natural gas. The boilers ranged in size
from 9 to 910 MW. The median reactive VOC emission factors were determined -
to be between 0.47 and 1.85 ng/J for coal- and lTignite-fired sources (ex-
cluding stoker data); between 0.03 and 1.48 ng/J for residual-oil-fired
sources; and between 0.01 and 1.00 ng/Jd for gas-fired sources. Approximate-
ly 50% of the coal- and lignite-fired plants and a majority of the o0il- and
gas-fired plants were emitting reactive VOC below the 100-ton per year level.
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1. INTRODUCTION

This report was prepared under the Conventional Combustion Environmental
Assessment program, to support the requirements of the Monitoring and Data
Analysis Division (MDAD) of the Office of Air Quality Planning and Standards
(OAQPS), for the development of reactive volatile organic compound (VOC)
emission factors for utility power plants. The emission factors developed by
TRW were derived from stack sampling tests conducted by TRW and its sub-
contractor, GCA, at a number of bituminous coal-, lignite-, 0il- and gas-fired
utility boilers throughout the United States, as part of the "Emissions Assess-
ment of Conventional Stationary Combustion Systems" (EACCS) program under EPA
Contract No. 68-02-2197. The sampling and analysis procedures -employed in the
EACCS program were an integral part of the phased environmental assessment
approach and applied primarily to Level I. The results obtained were intended
to provide the basis for establishing the priorities of streams, components,
and classes of materials for further testing by more stringent Level II tech-
niques and procedures. As such, the results of the sampling and analysis
procedures were designed to be quantitative within a factor of + 2 to 3. A
detailed discussion of the sampling and analysis methods used to determine VOC
emissions could be found in the Methods and Procedures Manual for Sampling and
Analysis prepared specifically for the EACCS program (1). In the preparation
of this manual, the IERL Procedures Manual - Level 1, Environmental Assessment
(2) was used as the guideline and made an integral part of it.

VOC's, as defined in the EACCS program, cover compounds that range in
boiling point from -160 to 300°C. This parallels the boiling range of n-alkanes
from methane (C]) through n-hexadecane (C16)‘ Total VOC emissions include C]
to C]G hydrocarbons. However, only the reactive hydrocarbons, C2 to C]G’ are
of regulatory interest to the EPA at this point. Methane has been excluded
from the reactive VOC emission factors calculated in this study. Although it
is obvious that most of the C]'s are methane, it is not known from the TRW/GCA



data the quantity of other specific organic compounds present. This is
because of the nature of the Level I procedures utilized by TRW and GCA in

the sampling and analysis of utility boiler flue gases, for which no detailed
~attempt was made to routinely identify individual organic compounds. Reactive
VOC emission data presented in this report, therefore, include all organic
emissions in the C2 to C16 n-alkane boiling range. The emission values
presented are conservative, since limited data acquired by Rockwell have

shown that most of the C2 compounds emitted are in the form of ethane, and
ethane i1s classified as non-reactive per the EPA July 8, 1977 VOC designation
(3). 1If the Rockwell data were substantiated, the C2 fraction of VOC's could

be subtracted from the emission factors, resulting in lower reactive VOC
emission estimatas.



A number of utility boilers were tested for stack VOC emissions. Samples
were taken and analyzed in the field for C] to C6’s, and in the laboratory for
16'5' Fuel heating values, fuel analysis results, and stack gas oxygen
concentrations were used to compute emission factors on a mass per unit heat
input basis. Numbers calculated from laboratory analyses were on a mass per
standard gas volume basis (1 atmosphere, 20°C). Data for a total of 43 sites
The breakdown of utilities tested by

C7 to C

have been analyzed in this report.

2, SUMMARY

boiler type was:

W O N NN W w oy oy W

N

pulverized bituminous coal-fired, dry bottom
pulverized bituminous coal-fired, wet bottom
cyclone bituminous coal-fired

stoker bituminous coal-fired

pulverized lignite-fired, dry bottom
cyclone, lignite

stoker lignite-fired

tangentially-fired oil

wall-fired oil

tangentially-fired gas

wall-fired gas

The breakdown by fuel type was:

The size of utility boilers tested ranged from a small lignite-fired
boiler of 9 M4 to a large bituminous coal-fired unit of 910 MW.

18 bituminous coal-fired

7

lignite-fired

11 residual oil-fired

7

gas-fired



Data were summarized in tabular form by site, fuel, and boiler type.
Summations were made for each of the following C.l to C16 individual alkane
equivalents:

o C, to Cg (-100 to 90°C boiling range)

. C7 to 015 (90 to 300°C boiling range)

) C2 to Cyg (reactive VOC's, -100 to 3000C boiling range)
o C, toCyp (-160 to 300°C boiling range)

¢y to Cs's were determined in the field; C, to C16's in the laboratory.
Means and standard deviations were calculated for each fuel and boiler type.

Emission data were analyzed by plotting reactive VOC emission values
versus the cumulative frequency in the population sampled. Based on equivalent
alkane groups, the median reactive VOC emission factors were determined to be
between 0.47 and 1.85 ng/J for coal- and 1ignite-fired sources (when stoker
data were excluded), between 0.03 and 1.48 ng/J for residual oil-fired sources,
and between 0.01 and 1.00 ng/J for gas-fired sources. The range of emission
estimates represents different interpretations of the emission data and

whether upper detection limits were used in the computation of emission
factors.

For a 1000 MW power plant operating at 33 percent efficiency and a Joad
factor of 60 percent, an emission factor of approximately 1.58 ng/J is
required in order for the power plant to exceed 100 tons reactive VOC's per
year. Analysis of the emission data indicated that approximately half of
the coal- and lignite-fired plants, and the majority of residual oil- and
gas-fired plants are emitting reactive VOC's below this level.



3. SAMPLING AND ANALYSIS PROCEDURES

Stack gas emissions from a number of utility boilers were sampled in the
"Emissions Assessment of Conventional Stationary Combustion Systems" (EACCS)
program. In the analysis of samples, a gas chromatograph (GC) was calibrated
and the results tabulated as total hydrocarbon mass corresponding to the various
alkanes. These alkanes, their boiling points and the reporting ranges are shown
in Table 1. Most saturated and aromatic hydrocarbons are relatively nonpolar
and thus eluted at retention times corresponding to their boiling points on the
GC columns chosen for the EACCS program. Possible hydrocarbons in each reported
boiling range could be tentatively established. However, polar compounds with
functional groups do not always follow the same bp-retention time relationships
as the hydrocarbons. For example, a C2 organic acid, bp 119°C, may or may not
elute in the boiling range 110-140°C. The scope of the EACCS program did not
include specific identification of individual compounds.

Sampling and analysis of VOC's were performed in two distinct parts (1).
In part 1, the C]-C6 materials were collected on site in Tedlar bags utilizing
EPA Method 3. This bag sample was then analyzed immediately on site using a
dual column FID gas chromatograph with 6 ft. (1.8 m) x 1/8 inch (3.2 mm) stain-
less steel columns packed with Poropak Q. The instrument was calibrated with
a C]-C6 standard accurate to * 15-20%. During the early testing phase of the
EACCS program, however, erratic electrical fields at most power plant sites
have precluded use of the maximum sensitivity of the instrument.

During the EACCS program, TRW was directed to attempt an increase in the
GC sensitivity by a factor of approximately 10 to achieve a new sensitivity of
about 0.1 ppm. This was done by using a larger sample size and by installing
a special electrical isolatien transformer.

In the second part of the sampling and analysis methodology, the C7 to C
materials were collected in the field using a porous polymer resin (XAD-2)
mounted downstream of the filter in the particulate sampling portion of the SASS

16



TABLE 1. REPORTING RANGES FOR VOC ANALYSIS

Boiling Point ¢ Reporting Range, ¢ Reported As
Methane -161 -160 to -100 C.l
Ethane - 88 -100 to - 50 C2
n-Propane - 42 - 50 to 0 C3
n-Butane 0 0 to 30 c4
n-Pentane 36 30 to 60 C5
n-Hexane 69 60 to 90 C6
n-Heptane 98 90 to 110 C7
n-Octane 126 110 to 140 .Cs
n-Nomane 151 140 to 160 ‘Cg
n-Decane 174 160 to 180 C10
n-Undecane 196 180 to 200 C1]
n-Docane 216 200 to 220 (J]2
n-Tridecane 234 220 to 240 C]3
n-Tetradecane 252 240 to 260 C]4
n-Pentadecane 270 260 to 280 C.Is
n-Hexadecane 288 280 to 300 CTG

train. Some VOC's might have also been adsorbed on the collected particulate
or condensed in the train. Organic material collected on the resin and on the
particulate catch was then extracted with methylene chloride in Soxhlet ex-
tractors in the laboratory. Condensed material was analyzed using a dual
column FID gas chromatograph with 6 ft. x 1/8 inch (1.8 m x 3.2 mm) stainless
steel column packed with 1.5% SE-30A 0V-101 on Gas Chrom Q. These results were
reported separately.



It must be realized that less than 100% VOC sample collection efficiency
(in the field) or sample recovery efficiency (in the laboratory) may have
introduced error in the reported C7-C]6 values. Arthur D. Little, Inc., is
presently documenting collection efficiency, while experiments at TRW indicate
that substantial (250%) losses of C, materials are observed in the Level I
analysis preparation procedure.

In analyzing C7 to C]S'S’ gas chromatography was used to determine the
quantity of lower boiling hydrocarbans (boiling points between 90° and 300°cC)
in the concentrates of all organic solvent rinses and XAD-2 resin fractions
encountered in Level 1 environmental sample analyses. Typically, this pro-
cedure generated analytical results based on the sum of C7 to C]G total
chromatographable organic (TCO) contributions from each part of the SASS sample
train. However, TCO analyses of particulate extracts and probe and cyclone
rinses were eliminated after March, 1978, by an official EPA change to Level I.
This change was subsequently incorporated into the EACCS analysis procedures,
as contributions to TCO's from these components were found to be negligible.
Filter catches and XAD-2 module condensate contributions to TCO's were analyzed.

The conditions under which TCO analyses were conducted provided a lower
detection 1imit equivalent to a hydrocarbon concentration of 2 x 10'4 mg/m3 in
30 md of sample gas (the quantity of gas required in these tests).

In contrast to C7 to C16 analyses, which were quantitatively determined due
to low detection limits, many C1 to C6 analyses were reported as less than 0.1
ppm, or less than 1.0 ppm, based on methane. Thus, a reported value of less than
1 ppm for any C] to C6 implies an actual value anywhere between 03and 667 ug/ma.
Alternatively, a reported value of 1 ppm was defined as 1251 ug/m” for Cz's,
3585 ug/m3 for Cs‘s, etc.



4. RESULTS AND DISCUSSION

The rated capacity, age, and pollution control method for the 43 sites
tested are presented in Tables 2 to 5. The operating load and fuel feed
rates for these sites at the time of testing are presented in Tables 6 to 9.
These data are provided to associate the test results with site characteristics.

Table 10 provides a detailed tabulation of C1 to CTG organics for each
bituminous coal-fired utility boiler tested, The analyses are grouped by
boiler type - pulverized coal, dry bottom, wet bottom, cyclone, and stoker.
All va]ues are listed opposite their equivalent CT to C16 alkane group in
ug/m In addition, total values for C, to Cg, Cq to Cyg, C, to Cqyq, and C,
to C16 are summed for each site at the bottom of each column. These totals
are given in both ug/m and ng/J.

To convert fYOMIJQ/m to n/J required computation of site specific factors
from boiler operating parameters, including oxygen percent in the outlet flue
gas, fuel composition, and fuel heating values. Specifically, the number of
gn moles of flue gas per gm of fuel was first computed using the fuel com-
position analysis and effluent 02 concentration:

4.762 (nc *ng + 0.5 nN) + .9405 n, - 3.762 n02
n =

1 -4.762 (02/100)

where: Neg = 9M moles of dry effluent/gm of fuel under
actual operating conditions.

3
[}

gm moles of element j in fuel per gm of fuel.

o
|

5 = volumetric 02 concentration in percent.

The emission factor expressed as ng/J was then computed from emission con-
centration expressed as ug/m3 using the following equation:

fMass 5
{Concentration (vg/m’) x neg X 24 .04
Emission _ <
{ Factor } (ng/J) = —
{Heating Va]ue} (kd/kg fuel)

8
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The final row of data, before totals and immediately following C16’S is
identified as additional C7 to 016'5. This number takes into account com-
ponents in the SASS train (such as probe rinse, cyclone rinse, etc.) which
contained less than the minimum sample quantity required for individual analyses
by alkane group.

Tables 11, 12, and 13 provide the same type of data as shown in Table 10,
but for lignite, residual oil, and gas-fired utility boilers, respectively.

Table 14 presents a summary of totaled data from Tables 10 to 13 in both SI
units (ng/J) and English units (1b/109 Btu). Data are presented for each site
tested by feed type (coal, lignite, residual 0il, and gas) and boiler type
(pulverized dry bottom, pulverized wet bottom, cyclone, stoker, tangentially-
fired, and wall-fired).

Means, X, and standard deviations of the mean, s(X), have been calculated
for each group of data in Tables 10 to 14 corresponding to a common fuel and
boiler type. These statistical parameters have been tabulated:in Table 15 for

each of the four totals (C2 to C6’ C7 to C]B’ C2 to C16’ and C] to C]G) by fuel
and boiler type.

The standard deviation calculated in this report is based on a limited
sample size and is designated as s(x). s(X) differs from the estimate of the
population standard deviation, s(x). s(x) is based on the sample X1 Xogeuo X
and is calculated by the following formula (4):

-7
s(x) ?J/k—gééﬁﬁl———

The use of n-1 in the denominator offsets the bias due to calculating the

deviations of x from X, the sample mean, rather than from the unknown true
population means.

n

s(x) designates the estimated standard deviation of the means of samples
of size n drawn from the populaton which is estimated to have a standard
deviation of s(x). These two quantities are related in the following way:

s(x) = s (x)
/ n
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Examination of the data presented indicated unusually high CZ'C16 emis-
sions from bituminous coal-fired sites 206, 330, 331, and 332, lignite-fired
site 314, residual oil-fired sites 105 and 323, and gas-fired sites 106. and
116. For sites 105 and 106, the extremely high levels of organic materials
in the blanks for the XAD-2 resin and in the solvent blanks have rendered the
organic emission data unusable. Data from these two sites are, therefore,
not included in the determination of emission factors. For the remaining
sites associated with high C2-C16 emissions, however, examination of the
field and laboratory operation data revealed no indication that these high
values are artifacts. A possible explanation for these higher emissions is
that in source testing of the EACCS program, no special readjustments of
burners at any of the sites were ever made. Therefore, some of the boilers
tested may be in poor operating condition with inefficient mixing between
air and fuel, and resulted in high organic emissions. Nevertheless, because
of the existence of a few high emission values which cannot be disc;rded as
outliers, the calculated average emission factors presented in Table 15 are
"biased" and not representative of VOC emissions from typical power pIants*.
Another method of data analysis was, therefore, used in determining repre-
sentative VOC emission factors.

In Figures 1 to 5, the reactive VOC emission data from Table 14 are
summarized in graphical form for each fuel type by plotting reactive VOC
emissions versus the cumulative frequency in the population sampled. Both
the maximum and minimum reactive VOC emission data are presented in the same
diagram. These minimum and maximum values are based on the detection limits
of the procedures employed. The minimum emission values were computed by
assuming all "less than" values in reported data as zero, whereas the maximum
emission values were computed by assuming upper 1imit values for all "less
than" values. Thus, the range in emission values represents data uncertainty
due to the low sensitivity of the field gas chromatograph used in determining
C17C6 emissions. The true value is expected to lie between the minimum and

" _
These average emission factors, however, are useful in determining total
emissions from all sources, which include both typical and atypical plants.
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maximum values. For example, the plot in Figure 1 shows that between 42
and 63 percent of all bituminous coal-fired and lignite-fired pulverized
and cyclone boilers tested had reactive VOC emissions less than 1.58 ng/J
(equivalent to less than 100 tons/year). The same plot also shows that the
median value of the reactive VOC emission factor for these types of boilers
is between 0.47 and 1.85 ng/J. Similar information can be obtained from
Figures 2, 3, 4, and 5 for bituminous coal-fired, lignite-fired, oil-fired,
and gas-fired utility boilers, respectively.

Data presented in Figures 1 to 5 were used to determine total quantities
of reactive VOC's emitted annually from hypothetical 1000 Mw power plants
fired with each type of fuel. The following assumptions were used:

® Each power plant has a maximum rated capacity of 1000 Mw.
o Each power plant operates year-round at a load factor of 60%.

o Overall efficiency is 33 percent for each power plant,
regardless of fuel type.

¢ Median values of reactive VOC emission factors are represen-
tative of reactive VOC emissions from typical power plants.

On the above basis, the calculated reactive VOC emissions from typical 1000
MW power plants are as follows:

Median : Annual Reactive
Fuel Type Emission Factor VOC Emissions
—_ (ng/J) (Tons/year)
Coal and Lignite” 0.47-1.85 30-117
Coal 0.47-1.85 30-117
Lignite 0.38-2.65 24-168
Residual 011 0.03-1.48 2-94
Gas 0.01-1.00 1-63

*Based on data from Figure 1, these are combined test data from bituminous
coal-fired and 1ignite-fired utility boilers, with the exception that all
stoker test data have been excluded.
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The percentage of hypothetical 1000 MW power plants with annual reactive

VOC emissions less than 100 tons/year can also be obtained from Figures 1
to 5. It was determined that 42 to 63 percent of coal- and lignite-fired
plants » 55 to 89 percent of residual oil-fired plants, and 80 percent of
gas-fired plants emit less than 100 tons/year of reactive VOC's.

*
Based on data from Figure 1, these are combined test data from bituminous

coal-fired and lignite- fired utility boilers, with the except1on that all
stoker test data have been excluded.
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5. CONCLUSIONS AND RECOMMENDATIONS

Based on the emission data collected and analyzed by TRW and GCA at 43

coal-, lignite-, residual oil-, and gas-fired utility boilers, the following
conclusions can be reached:

¢ Median values of reactive VOC emissions ranged between 0.47 and
1.85 ng/J for coal- and lignite-fired utility boilers, between
0.03 and 1.48 ng/J for residual oil-fired utility boilers, and
between 0.07 and 1.00 ng/J for gas-fired utility boilers. The
ranges in emission values represent data uncertainty due to the
low sensitivity of field gas chromatograph used in determining
C1-Cg emissions. Comparison of these median emission values
indicates that reactive VOC emissions are highest for coal- and
lignite-fired sources, and lowest for gas-fired sources.

¢ Five of the boilers sampled had reactive VOC emissions above'
10 ng/J. These higher emissions were probably due to burner
maladjustment with inefficient mixing between air and fuel, and
demonstrate the importance of proper maintenance.

® The percentage of hypothetical 1000 MW power plants with annual
reactive VOC emissions less than 100 tons/year was 42 to 63
percent for coal- and lignite-fired sources, 55 to 89 percent
for residual oil-fired sources, and 80 percent for gas-fired

sources.

The Level I organic analysis procedure used provided data on emissions
of gaseous organics (C1-C6), volatile organics (C7-C]6), and nonvolatile
organics (>C15). The gas chromatographic (GC) analyses performed were used
to obtain information on the quantity of organic material boiling within
discrete ranges corresponding to the boiling points of the n-alkanes. Organic
emissions were classified solely on the basis of their retention time relative
to n-alkanes and were quantitated as n-alkanes. Thus, any oxygenated hydro-
carbons emitted were included in the reported CZ-C16 and >C16 values as

n-alkane equivalents, although separate, quantitative determinations of the
oxygenated hydrocarbons were not made.

According to the Level I procedure, further organic analysis is conducted
only if the total organic concentration in the stack gas exceeds 500 ug/m3.
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The additional analysis includes a class fractionation by liquid chromato-
graphy (LC), followed by gas chromatography (GC) and infrared (IR) analysis.
For LC fractions containing substantial quantities of organics (>500 ug/m3)
Tow resolution mass spectrometric (LRMS) analysis to determine compound
types was also performed. Examination of IR and LRMS analysis results
obtained in the EACCS program has indicated the presence of aldehydes/
ketones, carboxylic acids, alcohols, phenols, ethers, and esters in stack
emissions from utility boilers. However, these analysis techniques only
provide qualitative determination of the oxygenated hydrocarbons. If more
refinements in the current reactive VOC emission data base are desired,
additional work in the following areas are recormended:

’

¢ Quantitative identification of oxygenated hydrocarbons using
specially designed Level II sampling and analysis procedures.

e Monitoring of Ci~Ce emissions with high sensitivity gas
chromatograph in tge field, so that emission data can, be
reported as exact values and not "less than" values due to
detection 1imit problems. This would result in more
accurate estimates of VOC emission factors.

o Evaluation of the effects of boiler types and boiler operating
parameters on VOC emissions by a statistically designed
experimental matrix. This would result in the subgrouping of
VOC emission data and lead to better estimates of VOC emission
factors for each fuel/boiler subcategory.
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