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Source Testing and Monitoring

5.1

INTRODUCTION

There are a number of reasons for sampling the exhaust gases from an industrial
combustion process [1]. One is to determine whether the emissions are within
regulatory limits. Another is to determine the eﬃciency and eﬀectiveness of the
pollution-control technology being used in a given process. Stricter limits or
ineﬀective pollution-control technologies may lead to design changes in the
equipment. Sampling is also useful for predicting any potential problems in the
development of a new process or modiﬁcation of the existing process. The U.S.
Environmental Protection Agency has established sampling methods for diﬀerent
pollutants in 40 CFR 60 [2]. A list of all the methods is given in Appendix G. These
are available electronically over the Internet [3]. There are many useful general
references on experimental measurements [4–8] as well as speciﬁc references on
pollution-measurement techniques [9].
Crawford (1976) lists the following steps in the process of measuring pollutants
in an air stream [10]:
1.
2.
3.
4.
5.
6.

Collection of the air sample containing the pollutant.
Conditioning of the sample.
Separation of the pollutants from the air in the sample.
Measurement of the desired properties of the pollutants.
Measuring the sample flow rate.
Disposal of the sample gas after completing the measurements.

It is noted that not all of these steps are required in particular circumstances.
The last step is normally not a factor for most industrial combustion processes
where the gas sample is vented to the atmosphere. This is only a factor where the
pollutants in the sample may be poisonous, radioactive, or toxic in the concentrations present.
The objective of this chapter is to discuss the general principles in
measuring pollutants in exhaust gas streams. The specific techniques and
equipment for a particular pollutant are discussed in the chapter devoted to that
pollutant.
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Chapter 5

SOME STATISTICS

There are some limited statistics that may be needed for measuring and reporting
pollution emissions. These are brieﬂy discussed here without derivation or proof.
The reader is referred to environmental statistics books for those details [11–22]. The
ﬁrst concept is the mean or average value of a set of numbers:
x ¼

n
1X
xi
n i¼1

ð5:1Þ

where x is the average value, xi is the ith value, i is the index going from 1 to n, and
n is the total number of observations.
Example 5.1
Given:
Find:
Solution:

10 NOx measurements (all in ppmvd at 3% O2): 41, 36, 43, 40, 37, 36,
42, 35, 38, and 39.
Find the average NOx value.
n ¼ 10, x1 ¼ 41, x2 ¼ 36, x3 ¼ 43, x4 ¼ 40, x5 ¼ 37, x6 ¼ 36, x7 ¼ 42,
x8 ¼ 35, x9 ¼ 38, x10 ¼ 39.

x ¼

n
10
1X
1X
1X
ðx1 þ x2 þ x3 þ x4 þ x5 þ x6 þ x7 þ x8 þ x9 þ x10 Þ:
xi ¼
xi ¼
n i¼1
10 i¼1
10

x ¼

1X
1
ð41 þ 36 þ 43 þ 40 þ 37 þ 36 þ 42 þ 35 þ 38 þ 39Þ ¼ ð387Þ ¼ 38:7:
10
10

Then, the average of the 10 NOx measurements is 38.7 ppmvd at 3% O2.
Many calculators and spreadsheet software packages have averaging functions
to simplify this calculation. Note the importance of correcting all measurements
to the same basis (3% O2 in the above example) so that they can be properly
compared.
From the above data set, the minimum NOx reading is 35 ppmvd and the
maximum reading is 43 ppmvd, both at 3% O2. Therefore, the range of readings is
Range ¼ xmin ! xmax

ð5:2Þ

which in this case is from 35 to 43 ppmvd. Some operating permits may be written
on a not-to-exceed basis, which means that a given pollutant concentration
cannot exceed a given value. In that case, only the maximum value over a given time
period may be of interest. For the above data set, that would be 43 ppmvd at 3%
O2. If the permitted NOx emission limit is not-to-exceed 40 ppmvd at any time,
then the above process would have exceeded that limit even though the average
of 38.7 ppmvd is below the limit. Some permits are written so that the average
concentration cannot exceed a speciﬁc value, so it is important to know how the
permit is written.
Another statistical concept that may be used in reporting pollutant emissions is
referred to as a moving average. Some regulations are written based on the average
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of a set of readings taken over a specific time period that is moving. For example, a
pollutant may be limited to a certain maximum concentration over an 8-hr moving
average. The following example will illustrate the concept.
Example 5.2
Given:
Find:
Solution:

NOx measurements (all in ppmvd) taken once each hour over a 10 hr
period: 41, 36, 43, 40, 37, 36, 42, 35, 38, and 39.
Find the 8-hr moving average NOx at the 8th, 9th, and 10th hours.

x 8th ¼

8
1X
1X
ðx1 þ x2 þ x3 þ x4 þ x5 þ x6 þ x7 þ x8 Þ
xi ¼
8 i¼1
8

x 8th ¼

1X
1
ð41 þ 36 þ 43 þ 40 þ 37 þ 36 þ 42 þ 35Þ ¼ ð310Þ ¼ 38:8
8
8

x 9th ¼

8
1X
1X
ðx2 þ x3 þ x4 þ x5 þ x6 þ x7 þ x8 þ x9 Þ
xi ¼
8 i¼1
8

x 9th ¼

1X
1
ð36 þ 43 þ 40 þ 37 þ 36 þ 42 þ 35 þ 38Þ ¼ ð307Þ ¼ 38:4
8
8

x 10th ¼

x 8th ¼

8
1X
1X
xi ¼
ðx3 þ x4 þ x5 þ x6 þ x7 þ x8 þ x9 þ x10 Þ
8 i¼1
8

1X
1
ð43 þ 40 þ 37 þ 36 þ 42 þ 35 þ 38 þ 39Þ ¼ ð310Þ ¼ 38:8:
8
8

The moving average takes the most recent data for the specified period. In the
above case, the data were taken from the most recent 8 hr. Figure 5.1 shows a set of
daily averages for a 10 day span with a line through the data, which is a linear
regression fit. Note that the vertical axis has been exaggerated to show the relatively
small shift in the averages during that time span. The graph shows that average daily
NOx appears to be increasing. This may indicate some type of problem that needs to
be corrected before regulatory limits are exceeded. An example might be that the
removal efficiency of a downstream NOx post-treatment system may be declining
and the equipment is in need of service.
Another statistical measure that is useful for reporting data is referred to as the
standard deviation. This is a measure of the dispersion of the data from the average
value. Figure 5.2 shows two sets of data taken on two different days over the same
hours of the day. The data have been artificially chosen so that the average over the
given period is the same for both days, but there is considerably more ‘‘scatter’’ on
Day 2, which means that the data are farther from the average value compared
to Day 1. The Day 2 data then have a higher standard deviation than that of the
Day 1 data.
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Figure 5.1

Average emissions over a 10-day time span with a linear regression fit.

Figure 5.2 Distribution about a mean value of data taken on two consecutive days over the
same time span.

The unbiased or ‘‘n  1’’ standard deviation is defined as
sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
Pn
 Þ2
i¼1 ðxi ¼ x
u ¼
n1
Copyright © 2004 Marcel Dekker, Inc.
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The biased or ‘‘n’’ standard deviation is deﬁned as
sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
Pn
 Þ2
i¼1 ðxi ¼ x
b ¼
n

ð5:4Þ

where the diﬀerence between the two is the divisor. For a large sample size where n is
large, these two will be essentially the same.
Example 5.3
Given:
Find:
Solution:

10 NOx measurements (all in ppmvd at 3% O2): 41, 36, 43, 40, 37, 36,
42, 35, 38, and 39.
Find the biased and unbiased standard deviations.
n ¼ 10, x1 ¼ 41, x2 ¼ 36, x3 ¼ 43, x4 ¼ 40, x5 ¼ 37, x6 ¼ 36, x7 ¼ 42,
x8 ¼ 35, x9 ¼ 38, x10 ¼ 39, x ¼ 38.7 as calculated in a previous example
above

sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
Pn
P10
 Þ2
 Þ2
i¼1 ðxi  x
i¼1 ðxi  x
¼
u ¼
n1
10  1
sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ðx1  x Þ2 þ ðx2  x Þ2 þ ðx3  x Þ2 þ ðx3  x Þ2 þ þ ðx10  x Þ2
u ¼
9
sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ð41  38:7Þ2 þ ð36  38:7Þ2 þ ð43  38:7Þ2 þ ð40  38:7Þ2 þ þ ð39  38:7Þ2
u ¼
9
u ¼ 2:75 ppmvd
sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ð41  38:7Þ2 þ ð36  38:7Þ2 þ ð43  38:7Þ2 þ ð40  38:7Þ2 þ þ ð39  38:7Þ2
b ¼
10
b ¼ 2:61 ppmvd:

As expected, the biased standard deviation is slightly less than the unbiased
because of the larger denominator. Many calculators and spreadsheet software
packages have standard deviation functions, although one must be careful to know
which one is being used or how to get the desired standard deviation if both forms
are available. For example, in Microsoft EXCELÕ , both functions are available. The
n  1 or unbiased function is STDEV and the n or biased function is STDEVP.
The unbiased standard deviation is typically used for emissions reporting and
will be used here for illustration purposes. The Day 1 data are assumed to be
normally distributed about the mean value as shown in Fig. 5.3. This means that if
enough data were collected and the data were truly normally distributed about the
mean, they would fit the curve shown in the figure. The graph also shows the limits
of one standard deviation from the mean both to the left and to the right. As can be
seen, the majority of the data would fall in the region bounded by one standard
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Figure 5.3

Normal distribution of Day 1 data about the mean of 38.7 ppmvd NOx at 3% O2.

deviation to the left and to the right of the mean. Therefore, it is common to report
data in the following form:
x ¼ x  

ð5:5Þ

In the example above for the Day 1 data, this would be written as
NOx ¼ 38:7  2:8 ppmvd at 3% O2
The standard deviation shows how tightly distributed the data are about the
mean. The smaller the standard deviation, the more closely the data are to the mean
value. Figure 5.2 showed that the Day 2 data were more scattered compared to the
Day 1 data. Figure 5.4 shows a comparison of the normal distribution curves for the
Day 1 and Day 2 data, both of which have the same mean value. The curve for Day 1
is taller and thinner, which shows that most of the data are closer to the mean. The
curve for Day 2 is shorter and fatter, which shows that most of the data are farther
from the mean.
A high relative standard deviation could indicate that there may be a problem
with the measurement system where there is not high repeatability if the data are not
truly changing. A high standard deviation could also indicate that there are wider
swings in the data that could be caused by changing conditions. For example, if the
fuel composition is changing with time, which is sometimes the case in petrochemical
applications, this could cause the NOx to change significantly. Another example is a
changing ambient environment where there may be wide swings in the temperature
and relative humidity of the incoming combustion air that can affect NOx emissions.
A high relative standard deviation is not generally desirable because more cushion
will be needed between the permitted or regulated emission limits and the measured
Copyright © 2004 Marcel Dekker, Inc.
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Figure 5.4 Comparison of normal distributions for Day 1 with a smaller standard deviation
and Day 2 with a larger standard deviation, both with the same mean value.

emissions because of the higher possibility of significant excursions above the mean
value.
5.3

SAMPLING

An intersociety committee put together a guidebook for air sampling, primarily in
the ambient atmosphere [23]. The following general physical precautions relevant to
extractive gas sampling were noted: ensure that the sample is homogeneous, be
aware of any absorption and diﬀusion eﬀects in the sampling system, check for
mechanical defects in the sampling system, and calibrate at the design sampling ﬂow
rate. It is also noted that any interferences between chemicals in a sampling system
must also be known and corrected for in order to ensure accurate and reliable
measurements. The U.S. EPA has developed an extensive manual to aid in
estimating the costs of pollution-control equipment [24]. A chapter in the manual is
devoted to emissions monitoring [25].
It is important that the position of the sample probe is known accurately
if there is a considerable variation in the gas composition profile across the duct.
It is preferred that the measurements be made sufficiently downstream of flow
disturbances like elbows or dampers to minimize the variation across the duct. If this
is not possible as is the case when physical restrictions limit how the exhaust ducting
can be run and where the measurements can be made, then more traverses are
recommended.
EPA Method 1 recommends that both sample and velocity measurements be
made at least eight internal diameters downstream of any flow disturbance (e.g.,
elbow, duct contraction, or expansion) and at least two internal diameters upstream
Copyright © 2004 Marcel Dekker, Inc.
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from any flow disturbance. If this is not possible, then measurements may be made
as close as two internal diameters downstream and 0.5 internal diameters upstream
of disturbances, but more measurements across the duct cross-section are needed.
Figure 5.5 shows the recommended minimum number of traverse (sampling) points
for measuring either the gas sample composition or the gas velocity where no
particulates are in the gas stream. The figure shows that at least eight or nine
measurement points are recommended for internal stack diameters between 12 and
24 in. where the measurement location is at least eight internal diameters
downstream and two internal diameters upstream from any upstream disturbances.
For internal stack diameters greater than 24 in. in internal diameter, at least 12
sampling points are recommended if the measurement location is at least seven
internal diameters downstream and 1.75 internal diameters upstream of any flow
disturbance. A minimum of 16 sample points are recommended for internal stack
diameters 12 in. in internal diameter or greater where the sampling location is
between two and seven (eight for internal stack diameters between 12 and 24 in.)
internal diameters downstream and between 0.5 and 1.75 (two for internal stack
diameters between 12 and 24 in.) internal diameters upstream from a flow
disturbance. Figure 5.6 shows the recommended minimum number of traverse
points if there are particulates in the flow. As can be seen, more traverses are
generally needed when particulates are present.
The minimum distance to a disturbance determines the minimum number of
recommended traverse points. For example, if the stack diameter is 18 in. in internal
diameter, the gas stream contains no particulates, and the sample location is 10

Figure 5.5

Minimum number of traverse points for sample or velocity measurements when
particulates are not present. (From Ref. 2.)
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Figure 5.6

Minimum number of traverse points for sample or velocity measurements when
particulates are present. (From Ref. 2.)

internal diameters downstream from the closest downstream disturbance but only
one internal diameter upstream from the closest upstream disturbance, then the
distance to the upstream disturbance determines the minimum number of traverses.
According to Fig. 5.5, only eight or nine traverses would be needed based on the
downstream distance (10 diameters) to a disturbance, but at least 16 traverses are
recommended because the sample location is only one internal diameter upstream
from the location.
For rectangular ducts, an equivalent diameter is calculated using the following:
De ¼

2LW
LþW

ð5:6Þ

where L is the length of the rectangular duct cross-section, W is the width of the
rectangular duct cross-section, and De is the equivalent diameter. Note that L ¼ W
for square ducts. Note that all of these dimensions are internal.

Example 5.4
Given:
Find:
Solution:

Duct with rectangular cross-sectional area with internal dimensions of
1 ft by 2 ft.
Find the equivalent internal diameter.
L ¼ 2 ft, W ¼ 1 ft
De ¼

2ð2 ftÞð1 ftÞ
¼ 1:33 ft:
ð2 ftÞ þ ð1 ftÞ
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This value is then used with the figures to determine the number of traverse
points
Table 5.1 shows the recommended layout for rectangular ducts based on the
number of traverse points from the above figures. For example, if 12 traverse points
are recommended, then the table suggests a 4  3 layout. Figure 5.7 shows an
example of a rectangular duct divided into 12 equal subareas in a 4  3 matrix. The
samples are then measured in the centroid of each subarea as shown in the figure.
Table 5.2 shows the recommended layout for circular ducts based on the
number of traverse points from the above figures. For example, if 12 traverse
points are recommended, then the table suggests the location of the sample points.
Figure 5.8 shows an example of a circular duct divided into 12 equal subareas in a
symmetric matrix. The samples are then measured in the centroid of each subarea as
shown in the figure. The distances to each centroid are given as a percentage of the
total diameter.
Example 5.5
Given:

Circular 5 ft external diameter duct with 6 in. of insulation inside the
duct, located 30 ft downstream of the nearest disturbance and 10 ft
upstream of the nearest disturbance; no particulates in the gas stream.

Table 5.1 Recommended Measurement Layout for
Rectangular Cross-Sectional Area Ducts
# Traverse points
in layout

Recommended
matrix
33
43
44
54
55
65
66
76
77

9
12
16
20
25
30
36
42
49
Source: Ref. 2.

Figure 5.7

Rectangular cross-sectional duct divided into 12 equal subareas.

Copyright © 2004 Marcel Dekker, Inc.

Recommended Measurement Layout for Circular Cross-Sectional Area Ducts

Traverse point on a diameter

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24

Number of traverse points on a diameter
2

4

6

8

14.6
85.4

6.7
25.0
75.0
93.3

4.4
14.6
29.6
70.4
85.4
95.6

3.2
10.5
19.4
32.3
67.7
80.6
89.5
96.8

10

12

14

16

18

20

22

24

2.6
8.2
14.6
22.6
34.2
65.8
77.4
85.4
91.8
97.4

2.1
6.7
11.8
17.7
25.0
35.6
64.4
75.0
82.3
88.2
93.3
97.9

1.8
5.7
9.9
14.6
20.1
26.9
36.6
63.4
73.1
79.9
85.4
90.1
94.3
98.2

1.6
4.9
8.5
12.5
16.9
22.0
28.3
37.5
62.5
71.7
78.0
83.1
87.5
91.5
95.1
98.4

1.4
4.4
7.5
10.9
14.6
18.8
23.6
29.6
38.2
61.8
70.4
76.4
81.2
85.4
89.1
92.5
95.6
98.6

1.3
3.9
6.7
9.7
12.9
16.5
20.4
25.0
30.6
38.8
61.2
69.4
75.0
79.6
83.5
87.1
90.3
93.3
96.1
98.7

1.1
3.5
6.0
8.7
11.6
14.6
18.0
21.8
26.2
31.5
39.3
60.7
68.5
73.8
78.2
82.0
85.4
88.4
91.3
94.0
96.5
98.9

1.1
3.2
5.5
7.9
10.5
13.2
16.1
19.4
23.0
27.2
32.3
39.8
60.2
67.7
72.8
77.0
80.6
83.9
86.8
89.5
92.1
94.5
96.8
99.9
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Find:
Solution:
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Circular cross-sectional duct divided into 12 equal subareas.

Minimum number and location of sample points.
Internal duct diameter ¼ 5 ft  (2)  6 in. ¼ 4 ft
Distance to nearest downstream disturbance ¼ 30/4 ¼ 7.5 internal
diameters
Distance to nearest upstream disturbance ¼ 10/4 ¼ 2.5 internal
diameters
From Fig. 5.5, a minimum of 12 traverses are recommended
From Table 5.2, the sample points should be located at 4.4, 14.6, 29.6,
70.4, 85.4, and 95.6% of the distance across the internal diameter of
4 ft or 2.1, 7.0, 14.2, 33.8, 41.0, and 45.9 in. from the edge of the duct
(see Fig. 5.9).

EPA Method 1A applies to ducts with equivalent internal diameters of less
than 12 in. but greater than or equal to 4 in. The method does not apply to
swirling or cyclonic flows. If particulates are present, one or two traverse points
should be located at least eight internal diameters downstream and 10 internal
diameters upstream from any flow disturbances. Note that velocity measurements
should be made eight internal diameters downstream from the gas-sampling
location for this case. Figure 5.10 shows the recommended sampling arrangement
for small ducts. Again, Fig. 5.5 should be used to determine the number of
sample points for flows without particulates and Fig. 5.6 should be used for flows
with particulates. In either case, the minimum number of sample points is eight
for circular ducts and nine for rectangular ducts. For circular ducts, the number
of sample points should be divisible by four. The main difference is that the
distances from the gas-sampling location and from the velocity measurement
location to the nearest upstream and downstream disturbances should be
calculated (four total equivalent internal diameters). The distance requiring the
most number of traverse points should be used as the minimum number of
traverse points.
Copyright © 2004 Marcel Dekker, Inc.
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Solution to example problem for location of 12 traverse points in a 4 ft diameter

stack.

Figure 5.10

Recommended sampling arrangement for small ducts.

Example 5.6
Given:

Find:
Solution:

Circular duct with 6 in. internal diameter, gas sample location is 3 ft
downstream from the nearest downstream disturbance, the velocity
measurement location is 2 ft downstream of the gas sample location,
and the velocity measurement location is 1 ft downstream of the
nearest upstream disturbance (see Fig. 5.11).
Minimum number of sample points.
First calculate four distances:
D1 ¼ distance from gas sample probe to nearest upstream ﬂow
disturbance ¼ 3 ft/6 in. ¼ six equivalent internal diameters;
D2 ¼ distance from gas sample probe to nearest downstream ﬂow
disturbance (velocity probe) ¼ 2 ft/6 in. ¼ four equivalent internal
diameters; D3 ¼ distance from velocity probe to nearest upstream
ﬂow disturbance (gas sample probe) ¼ 2 ft/6 in. ¼ four equivalent
internal diameters;

Copyright © 2004 Marcel Dekker, Inc.
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Figure 5.11

Probe locations for sample problem.

D4 ¼ distance from velocity probe to nearest downstream ﬂow
disturbance ¼ 1 ft/6 in. ¼ two equivalent internal diameters;
Note that D1 and D3 are less than the recommended eight diameters,
but this may have been all the available space in the system. The worst
case is D3, so from Fig. 5.5 at least 16 traverse points are recommended. Note that this is evenly divisible by four as recommended.

5.3.1

Extractive Sampling

Isokinetic sampling pertains to extractive gas sampling where the sample is
withdrawn out of the gas stream at the same velocity as the exhaust gas stream
velocity. The EPA deﬁnes isokinetic sampling as ‘‘sampling in which the linear
velocity of the gas entering the sampling nozzle is equal to that of the undisturbed
gas stream sample point’’ [26]. This is particularly important when measuring larger
particulates, especially those greater than about 5 mm. Figure 5.12 shows the three
possibilities for withdrawing a sample from the exhaust gas stream. When the sample
velocity is less than the gas stream velocity, some particles in the gas stream ﬂow
around the probe and the measured particulate concentration is lower than the
actual particulate concentration. When the sample velocity is greater than the gas
stream velocity, then some particles in the gas stream are preferentially drawn into
the sample probe and the measured particulate concentration is greater than the
actual particulate concentration. The sample ﬂow rate is normally easily varied by
either controlling the sample pump suction rate or more typically by adjusting a
control valve in the sampling system.
The challenge in isokinetic sampling is measuring both the sample gas velocity
and the exhaust gas stream velocity. In most cases, the exhaust gas stream velocity
varies across the exhaust duct and also varies as a function of time as changes in the
combustion system cause the exhaust gas volume to vary due to changing process
requirements. It is not sufficient to measure the exhaust gas velocity at the location
where the sample probe will be located with, for example, a pitot tube and assume
that the exhaust gas velocity will be constant at all times and under all conditions.
Isokinetic conditions are approximated when the static pressure is equal inside and
outside of a properly designed sample probe (see Fig. 5.13). The combined pitot–
sample probe is used to measure the gas velocity in the vicinity of the probe and then
to adjust the sample flow rate so that the average velocity at the sample probe inlet is
Copyright © 2004 Marcel Dekker, Inc.
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Figure 5.12 Schematics of isokinetic and nonisokinetic sampling. (From Ref. 23. Courtesy
of CRC Press.)

equal to the gas velocity as measured by the pitot probe. The gas velocity is
measured using the pitot probe by determining the pressure difference across the
probe as shown in Fig. 5.14. This can be done by simply using a differential pressure
gauge (Fig. 5.15), manometer (Fig. 5.16), or differential pressure transmitter
(Fig. 5.17) and controlling the sample flow rate until the measured differential
pressure is zero.
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Figure 5.13

Isokinetic sample probe. (From Ref. 2.)

Figure 5.14

Type S pitot tube manometer assembly for measuring gas velocity. (From Ref. 2.)

Another type of isokinetic sampling probe is shown in Fig. 5.18. While this
probe is more difficult to build because of the small passage sizes, it is more easy
to operate than the probe recommended by the U.S. EPA. Two static pressure
measurements are made: one for the outer stream and one for the inner stream.
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Differential pressure gauge.

Figure 5.16

Manometers for measuring differential pressure.
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Figure 5.17

Differential pressure transmitter.

Figure 5.18

Nozzle for isokinetic sampling probe (not to scale).

These are connected to a differential pressure measuring device (see discussion
above) and the gas sample flow is adjusted until the static pressure differential is
zero, which means that the static pressure is the same inside and outside the probe.
The static pressure holes on both the inside and outside of the probe go around the
entire circumference at equally spaced distances apart. These holes are connected to
the appropriate manifold inside the probe so that the static pressure measurements
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are actually averaged values around the circumference of the probe in case there are
any significant flow deviations. The probe tip is aerodynamically designed to
minimize disturbances to the out exhaust gas stream flow.
Another important aspect of extractive sampling is proper conditioning of the
sample stream. If the exhaust gas stream contains particulates, these can clog up
the sample lines. Some type of high-temperature filter (see Fig. 5.19) or shield
(see Fig. 5.20) is often attached to the sample probe to prevent particulates from
entering the sampling system. Figure 5.21 shows a schematic of a typical sampling
system. In order to prevent further reactions in the sampling system, the gas sample
is typically quenched as quickly as possible to ‘‘freeze’’ the gas chemistry or the
sample is maintained above the dew point to prevent water from condensing out
until it reaches the water knockout unit. This is sometimes referred to as hot–wet
sampling where the sample is maintained above the dew point until the sample
reaches the condenser. Figure 5.22 shows an example of a heated sample probe to
prevent catalytic reactions inside the probe itself. The sample is not diluted after it
has been withdrawn from the exhaust gas stream.

Figure 5.19

Sample frit filter. (Courtesy of Millennium Instruments, Spring Grove, IL.)

Figure 5.20

Sample shield. (Courtesy of Millennium Instruments, Spring Grove, IL.)

Figure 5.21

Gas sample flow schematic.
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Figure 5.22

Heated gas sample probe. (Courtesy of M&C, Ratingen, Germany.)

Figure 5.23

Electronic water condenser. (Courtesy of Baldwin Environmental, Reno, NV.)

One common type of water knockout unit is an electronic water condenser
(see Fig. 5.23). Another type uses a permeation dryer where nitrogen on one side of a
membrane removes water from the gas sample on the other side of the membrane
(see Fig. 5.24). The gas sample conditioning system can be purchased prepackaged as
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Figure 5.24

Permeation dryer. (Courtesy of Perma Pure, Toms River, NJ.)

Figure 5.25

Prepackaged sample conditioner. (Courtesy of M&C, Ratingen, Germany.)

shown in Fig. 5.25. It is also necessary to measure the sample flow rate to ensure that
the proper flows are going to the analyzers. Figure 5.26 shows a sampling system
that includes flow meters for measuring and controlling the sample flow rates to the
analyzers.
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Figure 5.26

Sampling system. (Courtesy of M&C, Ratingen, Germany.)

Figure 5.27

Schematic of a stack dilution probe. (Courtesy of EPM, Mt. Prospect, IL.)

Another alternative to removing water from the gas sample prior to sending it
to the analyzers is to dilute the sample so that the effective moisture content is not a
problem for the analyzers. This is sometimes referred to as cool–dry sampling where
the sample is greatly diluted immediately after extraction from the exhaust gas stack.
Dilution systems can be built into the probe as shown schematically in Fig. 5.27 and
pictorially in Fig. 5.28. Specially designed probes are used to sample particle-laden
flows according to EPA Method 5, as shown in Fig. 5.29.
Once the gas sample has been properly conditioned, it can be analyzed in one
or more analyzers, depending on what gases are being measured. Figure 5.30 shows a
single analyzer used to measure the oxygen concentration in the sample. Figure 5.31
shows a multigas analyzer used to measure gases such as nitrogen oxides, sulfur
oxides, oxygen, carbon dioxide, and carbon monoxide.
There are a number of potential sampling problems [25]:
.
.

Probes and lines clogging with contamination.
Heated lines failing in cold climates causing water to freeze and block lines.
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Figure 5.28

Stack dilution probe. (Courtesy of EPM, Mt. Prospect, IL.)

Figure 5.29

Method 5 sampling probe. (Courtesy of Environmental Supply, Durham, NC.)

.
.
.
.
.
.

5.3.2

Probe filter causing loss of pollutant as it passes through the probe media
(scrubbing).
Dilution probe causing temperature, pressure, gas density effects, and water
droplet evaporation when dilution air is added to the sample gas.
Water entrainment.
Leaks in the tubing or elsewhere in the system.
Adsorption of pollutant to the wall, filter, tubing, or other components.
Adsorption of pollutant to the water, which is removed by a conditioning
system.

In-Situ Sampling

In-situ sampling involves analyzing the exhaust gases in the exhaust stack without
extracting them. In-situ analyzers are available for SO2, CO, O2, NOx, O2, and CO2.
Copyright © 2004 Marcel Dekker, Inc.

224

Chapter 5

Figure 5.30

Oxygen analyzer. (Courtesy of Liston, Irvine, CA.)

Figure 5.31

Multigas analyzer. (Courtesy of Horiba, Irvine, CA.)

They are also available for measuring opacity, particulates, and gas ﬂow rate. In-situ
sampling eliminates the need for sample transport and conditioning that are required
in extractive sampling. There are two types of in-situ sampling: point and path. Point
sampling measures at a speciﬁc point or location in the exhaust stack while path
measures across the stack, giving an averaged value. Another important advantage
of in-situ sampling is rapid response since the transport time in extractive sampling
can be signiﬁcant.
However, there are some additional challenges of using in-situ sensors due to
the harsh conditions that usually include high temperatures and may include
particulates and high gas flow rates. Another potential problem is that the analytical
equipment may be located in inconvenient locations, possibly at elevated locations
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on tall exhaust stacks, which can make maintenance and troubleshooting more
difficult compared to extractive systems that are typically located in conditioned
enclosures or rooms at ground level. In-situ sampling systems can also become
plugged or clogged in exhaust gas streams with high particulate levels.
One common type of in-situ sensor is made of zirconia (ZrO2) which is used
for wet O2 measurements. Light-absorption techniques involving UV or IR spectrometers are also used to measure gases like CO, CO2, SO2, and NO.

5.4

TESTING EQUIPMENT

This section brieﬂy considers the equipment commonly used to measure variables
of importance when quantifying pollution emissions. These variables include the
exhaust gas ﬂow rate, the gas composition, and particulate emissions (solids in the
gas stream). Note that there are many other variations that may be used in a given
installation and new types of equipment are constantly being developed to make
these measurements easier, more repeatable, and more accurate.

5.4.1

Exhaust Gas Flow

The exhaust gas ﬂow is usually not directly measured but is often determined
through a combination of measurements, calculations, and assumptions. For
example, the gas velocity is measured at one or more points across the exhaust duct.
Since it is not known a priori if the gas sample is homogeneous, it must be assumed
that there is some variation across the exhaust gas duct until proven otherwise. This
is done by making multiple traverses across the duct. The cross-sectional area of the
duct is subdivided into smaller areas for the purposes of making measurements. The
gas velocity in each subarea is assumed to be constant. Then the gas ﬂow rate
through that subarea is simply
Qi ¼

vi
Ai

ð5:7Þ

where Qi is the gas ﬂow rate through sub area i, vi is the gas velocity through the
subarea, and Ai is the area. The sum of all the subareas equals the total crosssectional area of the duct:
A¼

n
X

Ai

ð5:8Þ

i¼1

where A is the total duct cross-sectional area and n is the total number of subareas.
Then, the total exhaust gas ﬂow rate equals the sum of the individual gas ﬂow rates:
Q¼

n
X

Qi

i¼1
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5.4.1.1

Pitot Tube

EPA Method 2 discusses how to determine the volumetric stack gas ﬂow rate using
an S-Type Pitot tube that includes a temperature sensor (see Fig. 5.14). The method
only applies to ﬂows that are not swirling or cyclonic. This method combines
measurements and calculations to determine the gas ﬂow rate. Speciﬁc guidelines are
given for what materials should be used and what dimensions are critical. Each pitot
probe must be calibrated with a known coeﬃcient that should be engraved on the
probe. The static and dynamic measuring holes on the probe must not be plugged,
which can be a problem in particulate-laden ﬂows. The pressure ‘‘head’’ or diﬀerence
between the static and dynamic measurements is typically very small and can be
measured with an inclined manometer (see Fig. 5.16) or a similar device like a
magnehelic gauge. Both of these need to be calibrated to ensure accuracy.
The equation governing the response of a Pitot probe is commonly given as
[27]:
sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2ð pt  pst Þ
v¼
Cp 

ð5:10Þ

where pt is the total or impact pressure, pst is the static pressure, and Cp is the probe
calibration constant. According to EPA Method 2, the average stack gas velocity can
be calculated for an S-Type Pitot tube using
sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ðpt  pst ÞTs
vs ¼ Kp Cp
Ps Ms

ð5:11Þ

where
vs ¼ average stack gas velocity (ft/sec.)
Kp ¼ velocity equation constant
Cp ¼ Pitot tube probe constant
pt  pst ¼ difference between total and static pressures measured with Pitot tube
(in. of H2O)
Ts ¼ absolute stack temperature ( R)
Ps ¼ absolute stack pressure (in. of Hg)
Ms ¼ Md ð1  Bws Þ þ 18Bws

ð5:12Þ

where
Ms ¼ molecular weight of wet stack gas (lb/lb-mole)
Md ¼ molecular weight of dry stack gas (lb/lb-mole)
Bws ¼ fraction by volume of water in the gas stream (determined by Methods 4
or 5)
EPA Method 2C concerns determination of the exhaust gas flow rate using a
standard hemispherically nosed Pitot probe as shown in Fig. 5.32. The previous
equations for the S-Type Pitot probe apply to the standard Pitot tube, although the
probe constant will be different. Becker and Brown [27] studied the response of Pitot
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Standard hemispherically nosed Pitot tube from 40 CFR 60 Method 2C. (From

Ref. 2.)

probes in turbulent nonreacting gas streams. The following terminology is used to
specify the recommendations of their study:
d1 ¼ total pressure hole i.d.
d2 ¼ probe o.d.
d3 ¼ static pressure hole i.d.
l1 ¼ internal length before any change in diameter or direction of total impact
tube
l2 ¼ external length before any change in diameter or direction of probe
l3 ¼ length from probe tip to centerline of static pressure hole
In that study, the following conditions were assumed:
1.
2.
3.

The probe is long enough (l2/d2 > 6) so that the downstream geometry has
a negligible effect on the response.
The internal geometry (l1/d1 > 3) has a negligible effect on the response.
Compressibility effects are small (Ma < 0.3).

Cho and Becker recommend a single static pressure inlet [28].
A thermocouple or similar device can be used to measure the gas temperature,
which is needed to compute the gas density. A barometer is needed to measure the
atmospheric pressure, also needed to compute the gas density. In lieu of a barometer,
the barometric pressure can be obtained from the National Weather Service.
According to EPA Method 2, the average dry stack gas volumetric flow rate is
calculated as follows:
Q ¼ 3600ð1  Bws Þvs A
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where
Q ¼ Volumetric flow rate in dry standard cubic feet per hour (dscf/hr)
Bws ¼ Fraction by volume of water in the gas stream (determined by Methods
4 or 5)
vs ¼ Average stack gas velocity (ft/sec)
A ¼ Cross-sectional area of the stack (ft2)
Tstd ¼ Standard absolute temperature ¼ 528 R
Ps ¼ Absolute stack pressure (in. of Hg)
Ts ¼ Absolute stack temperature ( R)
Pstd ¼ Standard absolute pressure (29.92 in. of Hg)
EPA Methods 2G and 2F discuss the use of two- and three-dimensional Pitot
probes, respectively, which are useful for swirling or cyclonic flows, but are used
infrequently in industrial combustion applications and are therefore not discussed
further here. The calibration procedures are considerably more difficult than those
for one-dimensional Pitot probes.
EPA Method 2H discusses how to determine a correction for the velocity decay
near the wall in stacks greater than 1.0 m (3.3 ft) in diameter. Two procedures are
discussed: one uses velocity measurements and the other uses a generic adjustment
factor.

5.4.1.2

Direct Measurement

EPA Method 2A discusses the direct measurement of the gas volume ﬂow rate
through pipes and small ducts. These devices include, for example, positive
displacement meters and turbine meters. This is a much simpler and faster technique
than measuring multiple traverse points in the exhaust gas stack and then computing
the ﬂow rate based on several diﬀerent types of measurements (pressure diﬀerence,
gas temperature, barometric conditions, and moisture in the stack gases). Direct
measuring devices also need to be properly calibrated to ensure accuracy. These
usually cost much more than using Pitot tubes and manometers but require far less
labor to operate. They can also mitigate the problem of varying conditions across the
exhaust duct. However, they are typically only used on smaller diameter ducts and
they may introduce a signiﬁcant pressure drop in the exhaust system that may
require either additional fan power or a reduction in the exhaust gas volume ﬂow
rate, which is usually not desirable.
EPA Method 2D discusses the measurement of the gas volume flow rates in
small pipes and ducts using rotameters, orifice plates, or other similar devices to
measure flow rate or pressure drop. A rotameter consists of a glass vertical cylinder
with a slight taper inside and some type of float. There are graduated markings along
the length of the cylinder. The gas flow comes in from the bottom and causes the
float to rise proportionally to the flow rate. Appropriate curves are then used for the
particular gas flowing through the rotameters to determine the flow rate. Orifice
plates (see Fig. 5.33) measure the pressure drop across a known and precise hole or
orifice. Using the upstream pressure and the gas temperature and properties, the gas
flow rate can then be calculated.
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Orifice plate flow measurement system from 40 CFR 60 Method 2D. (From

Ref. 2.)

5.4.1.3

Calculation

This is a simple and straightforward method for calculating the average exhaust gas
ﬂow rate, which is often of suﬃcient accuracy for many situations. As will be shown,
this method uses a combination of measurements, assumptions, and calculations to
determine the gas ﬂow rate. There are also some variations of the technique as will
be shown. However, in general, the technique involves calculating the gas ﬂow
rate based on either the measured input ﬂow rates, on the measured stack gas
composition, or a combination of the two as a check to make sure that the results
make sense.
In nearly all industrial combustion systems, the fuel flow rate is measured.
In many cases it must be measured in order to calculate emissions according to
regulatory requirements. For example, some air permits are based on a given
maximum fuel flow rate. For some applications that do not have continuous emissions
monitoring systems, an emission factor may be assumed using EPA AP-42 [29]. These
factors are usually calculated based on an emission rate per unit fuel input (e.g., lb
NO2/106 Btu-input). If there is a total emission limit on the plant, then the maximum
total fuel flow rate can be calculated. This type of permit often requires regular reports
on the fuel consumption that is used to calculate the estimated emissions.
The combustion air flow rate is also sometimes measured. Together with the
fuel flow rate, the estimated exhaust gas flow rate can be calculated.
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Example 5.7
Given:
Find:
Solution:

Measured methane gas ﬂow rate of 10,000 scfh, air ﬂow rate of 115,000
scfh, and exhaust gas temperature of 2000 F (1366 K).
The estimated exhaust gas ﬂow rate in both scfh and acfh.
Assume that there is no air leakage into the furnace and no exhaust
gases leaking out of the furnace.
10,000CH 4 þ 115,000(0.21O 2 þ 0.79N 2 ) ¼ 10,000CO 2 þ 20,000H 2 O
þ 4150O2 þ 90,850N2
Then the total scfh ¼ 10,000 þ 20,000 þ 4150 þ 90,850 ¼ 125,000 scfh
The total acfh ¼ 125,000  [(2000 þ 460)/(70 þ 460)] ¼ 580,189 acfh.

The above example shows how assumptions, measurements, and calculations can be
used to calculate the exhaust gas ﬂow rate.
The above assumption can be eliminated by using an O2 measurement in the
exhaust stack to estimate air infiltration into the furnace (assuming that the
measured wet O2 is higher than the calculated wet O2).
Example 5.8
Given:
Find:
Solution:

In addition to the measurements from the previous example, the
measured wet O2 in the stack is 4%.
The estimated exhaust gas ﬂow rate in both scfh and acfh.
Based on the measured fuel and air measurements and assuming no air
leakage into the furnace, then the calculated wet O2 would be:
4150 scfh/125,000 scfh ¼ 3.32% (since the measured wet O2 is 4% then
there must be air inﬁltration)
10,000CH 4 þ x(0.21O 2 þ 0.79N 2 ) ¼ 10,000CO 2 þ 20,000H 2 O þ
(0.21x  20,000)O2 þ 0.79xN2
4% ¼ 0.04 ¼ (0.21x – 20,000)/[30,000 þ (0.21x – 20,000) þ 0.79x]
Solving for x: x ¼ 120,000 scfh
Then the total scfh ¼ 10,000 þ 20,000 þ 5200 þ 94,800 ¼ 130,000 scfh
The total acfh ¼ 130,000  [(2000 þ 460)/(70 þ 460)] ¼ 603,396 acfh.

Note that the previous example also applies when the combustion air ﬂow rate is not
measured, but the wet O2 is measured. The same technique also applies if the dry O2
is measured instead of the wet O2. The only diﬀerence is that the water is deleted
from the combustion products as illustrated in the next example.
Example 5.9
Given:
Find:
Solution:

Same as the previous example, except the measured dry O2 in the stack
is 3.5%, and the combustion air ﬂow is not measured.
The estimated exhaust gas ﬂow rate in both scfh and acfh.
Based on the measured fuel and air measurements and assuming no air
leakage into the furnace, then the calculated wet O2 would be:
10,000CH4 þ x(0.21O2 þ 0.79N2) ¼ 10,000CO2 þ 20,000H2O
þ (0.21x  20,000)O2 þ 0.79xN2
3.5% ¼ 0.035 ¼ (0.21x  20,000)/[10,000 þ (0.21x  20,000) þ 0.79x]
Solving for x: x ¼ 112,286 scfh
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Then the total scfh ¼ 10,000 þ 20,000 þ 3580 þ 88,706 ¼ 122,286 scfh
The total acfh ¼ 122,286  [(2000 þ 460)/(70 þ 460)] ¼ 567,592 acfh.
While measuring the combustion air ﬂow may not be necessary to calculate the
exhaust gas ﬂow, measuring only the O2 in the stack (either wet or dry) only tells us
how much air has gotten into the furnace. It does not tell where it came from so it is
possible that the burners are running fuel rich with a large amount of air inﬁltration.
Therefore, it is usually desirable to measure the combustion air ﬂow to ensure the
operating conditions of the burners.
5.4.1.4

Optical

Optical sensing systems are available for measuring the exhaust gas ﬂow rate. These
are similar to direct measurement techniques except that those are normally thermal
or mechanical, as opposed to optical. A schematic of an optical ﬂow measurement
system is shown in Fig. 5.34. A photograph of an optical sensor is shown in Fig. 5.35.
Another optical sensor is shown in Fig. 5.36. At this time, the method is in its
infancy. It can be somewhat expensive and may involve high maintenance in a dirty
environment.

5.4.2

Gas Composition

EPA Method 3 is used to determine the dry molecular weight of an exhaust gas
stream. This is needed, for example, to calculate the exhaust gas ﬂow rate used in

Figure 5.34

Schematic of an optical exhaust gas-flow sensing system. (Courtesy of OSI,
Gaithersburg, MD.)
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Figure 5.35 Optical flow sensor for measuring stack gas flow rates. (Courtesy of OSI,
Gaithersburg, MD.)

Figure 5.36

In-situ exhaust gas flow meter. (Courtesy of Monitor Labs, Denver, CO.)
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calculating the pollutant emission rates. The method speciﬁcally refers to
determining the CO2 and O2 concentrations in a gas stream. The technique uses
single-point grab sampling (batch extractive sample), single-point integrated
sampling, or multipoint integrated sampling. The sample is typically analyzed
using an Orsat analyzer. This method is not commonly used in industrial combustion
applications where instrument analyzers are typically used.
Method 3A concerns the determination of O2 and CO2 using instrument
analyzers. A typical O2 analyzer is shown in Fig. 5.37. This method discusses test and
calibration procedures. Method 3B is specific to gas streams that contain significant
quantities of gases other than O2, CO2, CO, and N2 (excluding water, which can be
easily removed from the stream) that could affect the gas analysis results. For
example, significant quantities of SO2 or HCl can interfere with CO2 measurements
using an Orsat analysis. Method 4 is used to determine the moisture content in an
exhaust gas stream. This is important in determining the total exhaust gas volume
flow rate. A gas sample is removed from the exhaust gas stream at a constant flow
rate. Moisture is removed from the sample and determined either volumetrically or
gravimetrically. The sample probe and transport lines are heat traced to prevent
water from condensing out of the sample until it reaches the condenser, which might
be an electronic device (see Fig. 5.23) or an ice bath for example. Figure 5.38 shows a
schematic of the recommended sampling train used to measure the moisture content
in an exhaust gas stream.
EPA Method 6 provides procedures for measuring sulfur dioxide emissions
from stationary sources where the gas sample is extracted from the exhaust stack.
Ammonia, water-soluble cations, and fluorides cause interferences with SOx
measurements. Method 6A concerns sulfur dioxide, moisture, and carbon dioxide
measurements from fossil-fuel combustion sources by chemically separating the
SO2 and CO2 components, where different reagent chemicals are used. Method 6C
discusses the use of instrument analyzers to measure sulfur dioxide emissions from
stationary sources. This is the most commonly used method in industrial combustion
processes. These analyzers typically use ultraviolet (UV), nondispersive infrared
(NDIR), or fluorescence techniques. A schematic of an accepted sampling system is
shown in Fig. 5.39. Method 8 discusses determining sulfuric acid and sulfur dioxide
emissions from stationary sources.
EPA Method 7 concerns the determination of nitrogen oxide emissions from
stationary sources. This method is based on chemical separation using a reagent
from a grab sample taken from the exhaust stack. Methods 7A and 7B give

Figure 5.37

O2 instrument analyzer.
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Figure 5.38

EPA Method 4 moisture sampling train—reference method. (From Ref. 2.)

Figure 5.39

Method 6C sampling system schematic for SO2 measurements. (From Ref. 2.)

procedures for the use of ion chromatography and UV spectrophotometry,
respectively, for measuring nitrogen oxide emissions, also from a grab sample.
Methods 7C and 7D discuss the use of the alkaline permanganate/calorimetric and
alkaline permanganate/ion chromatographic methods, respectively, with extractive
samples from the exhaust stack. Method 7E discusses the use of instrument analyzers
(see Fig. 5.40) to measure NOx emissions from gas samples continuously extracted
from the exhaust stack. This is the most commonly used technique in industrial
combustion applications.
EPA Method 10 discusses measuring carbon monoxide emissions from
stationary sources from continuous samples extracted from an exhaust stack
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Typical NOx analyzer.

where the sample is measured with an NDIR analyzer. Possible interferences include
water, carbon dioxide, and carbon monoxide. Method 10A tells us how to make
certified carbon monoxide measurements from continuous emission monitoring
systems at petroleum refineries.
EPA Method 18 discusses measurement techniques for determining gaseous
organic compound emissions from exhaust stacks. The technique involves separating
the major organic compounds from the sample and then individually quantifying
the constituents using flame ionization, photoionization, electron capture, or other
appropriate techniques. Diluting the sample is also used in certain cases to mitigate
the effects of moisture. Method 25 is a similar process for determining the total
gaseous nonmethane organic [volatile organic compounds (VOCs)] emissions from
a stack. These measurements are made on a continuous gas sample with a flame
ionization detector (FID). Carbon dioxide and water vapor can potentially interfere
with the measurements. Figure 5.41 shows a schematic of the recommended
sampling train to determining VOC emissions. Method 25A concerns measuring
VOCs with a flame ionization analyzer (FIA) for determining the concentrations of
samples containing primarily alkanes, alkenes, and/or arenes. Method 25B concerns
the use of an NDIR analyzer to measure VOCs consisting primarily of alkanes.
EPA Method 23 discusses how to measure the emissions of dioxins and furans
from stationary sources. A sample is withdrawn isokinetically and collected on a
glass-fiber filter. The sample is then separated using high-resolution gas chromatography and measured by high-resolution mass spectrometry. A schematic of an
approved gas sampling train is shown in Fig. 5.42. The condenser and adsorbent trap
must be specially designed for this application. Specific filters, reagents, adsorbents,
and sample recovery are required. The sample analysis is also extensive. These types
of measurements should be done by qualified professionals to ensure high accuracy,
especially because of the toxic nature of the constituents and the strict regulatory
requirements.
5.4.3

Particulates

EPA Method 5 is used to determine particulate emissions from stationary sources.
Method 5B refers to the determination of nonsulfuric acid particulate matter
emissions from stationary sources. Method 5D concerns determining particulate
matter emissions from positive pressure fabric ﬁlters, also known as baghouses,
where this method has particular emphasis on the sample location. Method 5E
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Figure 5.41

EPA Method 25 sampling train schematic for measuring volatile organic
compounds. (From Ref. 2.)

Figure 5.42

EPA Method 23 sampling train schematic for measuring dioxins and furans.

(From Ref. 2.)
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describes the procedure for determining particulate emissions from ﬁberglass wool
manufacturing. Method 5F concerns nonsulfate particulate emissions from
stationary sources, which includes a modiﬁed method for separating the sample
from the ﬁlter. Method 5I concerns the determination of low concentrations of
particulate emissions from stationary sources. This method diﬀers from Method 5
with the following modiﬁcations: improved sample-handling procedures, use of a
lightweight sample ﬁlter assembly, and the use of low-residue grade acetone to
recover the particulate matter collected on the ﬁlter.
For particulate measurements, the gas sample must be withdrawn isokinetically
(see previous discussion) to ensure that a representative sample of particles is
withdrawn from the gas stream. If the extraction rate is too high, then the measured
particulate concentration will be too high. If the extraction rate is too low, then the
measured particulate concentration will be too low. A specially designed probe to
sample gases from particle-laden flows is shown in Fig. 5.43. The construction of the
sampling system is also important to ensure water and particulates do not come out of
the extracted sample until it reaches the measurement location in the system. For
example, the probe should be lined with borosilicate or quartz glass tubing and heated
to prevent condensation and to prevent the particulates from coating the walls.
The extracted sample containing particulates passes through a glass-fiber filter
maintained at a temperature of 120  14 C (248  25 F). A schematic of a typical
particulate sampling train is shown in Fig. 5.44. The sample is extracted for a known
period of time, long enough to collect a sample of sufficient mass. Moisture is
removed from the particulate sample captured on the filter. The dried sample and

Figure 5.43

Method 5 sampling probe. (Courtesy of Millennium Instruments, Spring

Grove, IL.)
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Figure 5.44

Method 5 particulate sampling train schematic. (From Ref. 2.)

filter are then weighed. This is compared to the weight of the clean filter prior to
sampling. The difference in the weights then gives the weight of particulates
captured. Using the measured sample extraction time, sample flow rate, and total
exhaust gas flow rate, the particulate matter emission rate can then be calculated.
EPA Method 9 concerns the visual determination of opacity from emissions
from stationary sources. The opacity may be caused by particulates and/or by steam.
This method requires a certified observer trained in the measurement technique. An
alternative technique known as LIDAR based on light backscattering can be used to
determine opacity remotely as described in Alternate Method 1. Method 18 discusses
a particulate matter measurement technique that can be used in lieu of Method 5
when it is known that there are no temperature effects so that the measurements can
be made directly in the exhaust stack. Method 22 discusses the visual determination
of smoke emissions from flares. This method does not require a certified observer as
in Method 9 as the opacity is not quantified. It is merely a visual determination if
smoke is present from flaring.

5.5

SOURCE TESTING

Source testing involves making ‘‘oﬃcial’’ pollution emission measurements used
either to determine permit levels or to determine compliance with an air permit.
Often an outside third-party company specializing in making these measurements
is hired. These companies usually must be certiﬁed by a recognized agency to make
Copyright © 2004 Marcel Dekker, Inc.
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these measurements. The company will usually bring a truck to the site equipped
with the appropriate measurement and calibration equipment. This source testing
must be done in applications where there is no certiﬁed continuous emission
monitoring system (CEMS). It may also be done even where there is a CEMS as an
independent veriﬁcation. It is also used by equipment vendors trying to certify new
technology. For example, a burner manufacturer may hire a ﬁrm to make oﬃcial
measurements to demonstrate reduced pollution emissions compared to other
technologies. Figure 5.45 shows an example of measurements being made from an
exhaust stack.
The frequency of source testing depends on a number of factors. Measurements
are usually made when an air permit is being established for the first time and
whenever significant modifications are made to an existing permitted system. Annual
verification tests may also be required, especially where no emissions monitoring
system exists. These verification tests may not require ‘‘official’’ third-party
measurements, depending on the rules of the given governing agency. An inspector
may make unannounced spot checks with a portable analyzer to verify compliance,
which is discussed in Sec. 5.7.
An alternative to source testing is to measure the emissions of the burner in a
test facility (see Fig. 5.46). Figure 5.47 shows a pilot-scale test furnace that could be
used for regulatory source monitoring. While this is not always permissible,
depending on the rules of the local regulatory agency, it may be used to establish
permit limits. It may also be used in lieu of expensive field source tests that may not
be economically practical for smaller emission sources.

Figure 5.45

Measuring emissions from an exhaust stack.
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Figure 5.46
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John Zink R&D Test Center. (Courtesy of John Zink Co.)

Figure 5.47

Test furnace to simulate a section of an ethylene cracking furnace. (Courtesy of
John Zink Co.)
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CONTINUOUS MONITORING

Depending on regulations and the size of the emission source, some industrial
combustion processes may be required to have a continuous emissions monitoring
system. For example, some air permits may be written in such a way as to limit
emissions over some time interval, such as a 24-hr rolling average. Another
common limit is that emissions of a particular pollutant may not exceed a given
concentration at any time. There are many other variations as well. In order to
determine whether a plant is in compliance, a certiﬁed continuous emission
monitoring system may be required. These are not only fairly expensive to
purchase, but also have rigorous and ongoing maintenance and calibration
requirements to ensure high accuracy and reliability. This is compared to other
pollutant emission sources that may only require an annual test. In some cases,
only an initial test may be required after the equipment is ﬁrst started or after
any signiﬁcant modiﬁcations have been made.
The U.S. EPA has developed a series of performance specifications (PS) for
continuous emissions monitoring systems (see Fig. 5.48) for measuring a wide
range of pollutant emissions [30]. These specifications are listed in Table 5.3. Note
that two of the specifications (4 and 4A) have identical titles. PS-4 is for the general
measurement of CO emissions while PS-4A is for measuring lower concentrations

Figure 5.48

Continuous emission monitoring system. (Courtesy of Horiba, Irvine, CA.)
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Table 5.3

EPA Performance Specifications for Continuous Emission Monitoring Systems

Speciﬁcation #
1

Speciﬁcation title
Speciﬁcations and test procedures for continuous opacity monitoring
systems in stationary sources
Speciﬁcations and test procedures for SO2 and NOx continuous emission
monitoring systems for stationary sources
Speciﬁcations and test procedures for O2 and CO2 continuous emission
monitoring systems for stationary sources
Speciﬁcations and test procedures for carbon monoxide continuous
emission monitoring systems for stationary sources
Speciﬁcations and test procedures for carbon monoxide continuous
emission monitoring systems for stationary sources
Speciﬁcations and test procedures for carbon monoxide and oxygen
continuous emission monitoring systems for stationary sources
Speciﬁcations and test procedures for TRS (total reduced sulfur) continuous emission monitoring systems for stationary sources
Speciﬁcations and test procedures for continuous emission rate monitoring
systems for stationary sources
Speciﬁcations and test procedures for hydrogen sulﬁde continuous emission
monitoring systems for stationary sources
Speciﬁcations and test procedures for volatile organic compound continuous emission monitoring systems for stationary sources
Speciﬁcations and test procedures for total hydrocarbon continuous
emission monitoring systems for stationary sources
Speciﬁcations and test procedures for gas-chromatographic continuous
emission monitoring systems for stationary sources
Speciﬁcations and test procedures for extractive FTIR (Fourier
transform infrared) continuous emission monitoring systems for
stationary sources

2
3
4
4A
4B
5
6
7
8
8A
9
15

Source: Ref. 2.

(< 200 ppmv) of CO emissions. These are to be used in conjunction with the EPA
methods discussed above. The performance specifications include discussions
of calibration procedures and relative accuracy requirements. The EPA has
also developed quality assurance procedures to be used for compliance determination [31].
Parker lists the following factors as important in a continuous monitoring
program [32]:
1.
2.
3.
4.
5.
6.
7.

Knowledge of the process to be monitored.
Knowledge of the relevant regulatory requirements.
Using the correct monitors.
Using appropriately trained personnel with the proper calibration, quality
control, and quality assurance procedures.
Relevant data collection, review, and reporting.
Ongoing maintenance program.
Comprehensive cost tracking, control, and budgeting.
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The three major components of a continuous emissions monitoring system are:
(1) the sampling and conditioning system, (2) the gas analyzers and monitors, and
(3) the data-acquisition system (DAS). The first two have been discussed above.
The DAS may be as simple as manually recording emissions data at scheduled
and regular time intervals. It may be as sophisticated as a completely automated
computer-recorded data management system. It may also be some combination
of the two where some of the data are manually recorded while other data are
automatically recorded by a computer or some similar type of electronic device. For
example, some of the emissions such as particulates may not be easily collected on a
continuous basis while other emissions such as NOx are easily collected through
continuous monitoring.

5.7

SPOT CHECKING

Spot checks may be made by the ﬁrm owning the industrial combustion
equipment or by inspectors checking compliance with air permits. Portable
analyzers are usually used to make spot check measurements of exhaust gas
emissions. Figure 5.49 shows an example of a portable kit used for making ﬁeld
measurements. The kit includes the analyzer, the sample probe, a sample
conditioner, and the appropriate tubing and connectors for the system. This can

Figure 5.49

Field kit for making gas emission measurements. (Courtesy of ETA,

Garner, NC.)
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be easily transported to a site and quickly assembled for portable measurements.
Figure 5.50 shows an example of a similar portable measurement analysis system.
Figure 5.51 shows a more sophisticated ‘‘portable’’ analyzer, which will generally
have higher accuracy and repeatability compared to other smaller analyzer
systems. However, it is not nearly as portable and is less convenient, for example,
for carrying on airplanes to remote sites.

Figure 5.50

Figure 5.51

Portable gas analyzer. (Courtesy of ECOM, Gainsville, GA.)

Portable gas emission measurement system. (Courtesy of APEX, Holly

Springs, NC.)
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